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DEVELOPMENT OF A SORBER TRACE C 0 N " I N A N T  CONTROL SYSTEM 
INCLUDING €'RE- AND POST-SORBERS FOR A  CATALXTIC O X I D I Z F B  

BY THOMAS H. OLc(rrm 

BIUJ?ECENOIx)(3Y 
IOCKIIEED MISSmS & SPACE CO. 

A program w a s  conducted which resu l ted   in   the  developnent and pre lh inary  
design of regenerative and non-regenerative  charcoal  sorbent beds. These 
elements  of a t race  contaminant control system w e r e  integrated w i t h  an 
isotope heated  catalytic  oxidizer system, with  pre- and post-sorbent  beds, 
that had been  developed  under  previous NASA contracts. These previous 
e f for t s  w e r e  accomplished  uuder NAS 1-6256 and NAS 1-7433, and are reported 
in NASA CR 66346, CR 66347 and CR 66739. 

The contaminant  load  generation rates developed  during these previous 
studies were reviewed and refined. The or iginal  equipoent  production rate 
data were based on Apollo  off-gassing da ta   for  a 14-day mission. These rates 
were modified i n  t h i s  study t o  account fo r   t he  decrease in  off-gassing that 
w i l l  occur  with  extended  mission  time. 

'&e allmable contaminant levels w e r e  a l so  modified t o  be  Consistent 
with  the recommendations of the National  Acadeq of Sciences  panel A i r  

Standards f o r  Manned Space Flight. 

The adsorption  process in a carbon bed w a s  defined  for system design 
purposes and experiment data were taken t o  provide  design  information on 
carbon  beds. The approach  used i n  t h i s  phase of the e f fo r t  w a s  t o  treat 

the carbon bed as two elements  defined as the  saturated Layer and the adsorp- 

t ion  zone. The performance of the saturated layer  portion of the  carbon bed 

can be  predicted by use of the potent ia l   p lot  which defines the  equilibrium capa- 
c i t y  of varims  adsorbates  for  single contaminants. Tests were conducted t o  
develop potential   plots  for  candidate  adsorbates  to  select   the carbon with 
the  highest   capacity  for the contaminants of interest.  Additional  data w e r e  

1 



then  taken on the  selected carbon to   e s t ab l i sh   t he   e f f ec t s  of moisture and 

phosphoric acid  impregnation on the carbon bed capacity. 

Based on experimental  data  with  multiple contaminants, a technique w a s  

then developed t o  predict carbon bed capacity  in  the  saturated  layer  for 

multiple  contaminants. "he performance of the  adsorption zone portion of 
carbon  beds was established  experimentally by  making plots  of the time t o  

break  through or  semice  time of various  contaminants as a function of the 

bed length. An extrapolation of these data t o  a service  time of zero  deter- 
mines the  adsorption zone l e w h  f o r  a given  contaminant,  adsorbate and 

velocity. These data were obtained f o r  a variety of cbntaminants singly 

and in  groups. It was concluded from these data that the  adsorption zone 

length  could be re la ted   to   the   po ten t ia l  parameter and that complete co- 
existence between contaminants  occurred in  the  adsorption zone.  The f i n a l  

experimental  investigation  required t o  develop the  regenerable  sorbent bed 

design was the  determination of the  desorption  characteristics of the carbon. 

A number of t e s t s  were run on various contaminants which were exposed t o  
multiple  adsorption/desorption  cycles t o  determine what conditians  are  required 

t o  achieve no build  cp  in residule contaminant at the end of the  desorption 

cycle. 

The conclusions of these tests a re  that f o r  contaminants  with a molar 

volume greater  than 185, thema3 and vacuum desorption is inadequate. For 

contaminants in the  molar volume region between 80 and 185, adequate  desorp- 

t ion  can  be achieved at desorption  conditions of 2 hours at los4 mm Hg vacuum 

and Z90°C temperature.  For molar volumes less than 83, adequate  desorption 
can be achieved at desorption  conditions of 2 hours at mm Eg vacuum and 

lOo0C temperature. 

The program also developed a design methodology for   s iz ing carbon beds 

u t i l i z i n g  the  results of the experimental data. A computer program was 

developed t o  p?rform the  calculations  required  for carbon bed sizing. With 

the aid of the computer program, several  candidate systems were evaluated. 
An optimization  study w a s  then conducted comparing t o t a l  equivalent  weight 

t o  determine  the  best system  concept. The selected system consisted of a 
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high flaw (76 CFM) fixed bed containing  charcoal impregnated with phosphoric 
acid  for   control  of annnonia and high m o w  volume contaminants. A la? flcns 

( 3  CFM) loop w a s  provided in parallel with  the  fixed bed containing a regenera- 
t i v e  bed, and a catalytic  oxidizer  with pre- and post-sorbent beds. 

A 1/10 scale m o d e l  of t he  system was then  fabricated and evaluated 
f o r  over 180 days of continuous  operation. The results of t h i s  tes t  indi- 
cated that the system  performed satisfactorily;  hmever,  certain  modifications 
were required  in  the  design procedure. The test results indicated that the 
veloci ty   correlat ion  factor   ut i l ized  to  determine  adsorpbion zone length 

needed t o  be modified from ve loc i ty   t o   t he  0.5 paver t o   v e l o c i t y   t o  the 

1.0 m e r .  

Uti l iz ing  the modified  design  procedure, the design of a full-scale 
system, sized  for a 12-man crew with a 180-day resupply, w a s  determined. 

Layout drawings of these system components were then developed. 

3 



The developnent  of an isotope-heated  catalytic  oxidizer  for  control 

of t race contaminants was initiated i n  1966 under  Contract NAS 1-6256. 

This  contract between the Lockheed Missiles & Space Company ( W C )  with 

TRW Systems as a major  subcontractor, and the NASA-Langley Research  Center 
resulted  in  engineering  layout drawings of the selected approach and long 
term t e s t h g  of a model system. The results of t h i s  e f for t  are described 
i n  NASA CR 66346, NASA CR 66347 and NASA CR 66497. The tasks accomplished 
under NAS 1-6256 included  the  follming: 

o Mission Definition 

o Contaminant Load Definition 

o Isotope  Selection 
o Catalyst  Selection 

o Catalyst Performance Tests 

o Analysis and Optimization 

0 Design Layout Drawings 
o Develoment Plan 

Fol lming the conclusion of this program, the NASA-Langley Research 

Center  directed W C  t o  continue th i s  developnent program under Contract 
NAS 1-7433. This ef for t  was initiated in 1968. TRW Systems was also a 

major  subcontractor i n  this addi t ional   effor t .  "he program conducted  under 

NAS 1-7433 is reported  in NASA CR 66739 and dealt wi th  additional develop- 

ment of the isotope-heated  catslytic  oxidizer system including detailed 

design of a uni t   u t i l i z ing  a resistively  heated  simulated  isotope and 
developent end detailed design of pre- and post-sorbent  beds. The tasks 

involved i n  this program are  shown belm: 
o Contaminant load def ini t ion  for  a pre- and post-sorbent bed 
o Design and fabrication of a model pre-sorbent bed 

o Long tern sorbent bed evaluation 

o D2sign and fabrication of a model post-sorbent bed 

o Detailed  design of full scale  pre- and post-sorbent beds 
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Specifications  for  the  isotope  heat  source materials of construction 
Joining and fabr ica t ion   tes t s  on the  isotope heat source  materials 
of construction 
Fabrication and evaluation of the test hea te r   t o  be used in  the 
simulated isotope  heat  source 
Compatibility tests t o  determine the  extent of interdiffusion be- 
tween the  graphite  reentry aid and the noble metal cladding 
Fabrication and evaluation of the  thermal insulat ion  to  be  used in  
the  isotope-heated  catalytic  oxidizer 
Detailed design of the  isotope-heated  catalytic  oxidizer  including 
the  res is t ively heated shulated  isotope  heat source. 

The objective of the  effort  described i n  this   report  w a s  t o  expand the 
development of the catalytic  oxidizer  trace contaminant control system 
developed  under these  previous NASA contracts  to  include the remaining 
elements of a complete spacecraft contaminant control system which include 
regenerable and non-regenerable  charcoal  sorbent  beds. 

This e f fo r t  w a s  continued under NAS 1-9242 for   the  NASA-Langley Research 
Center by IMSC i n  1969, with MAR as a major subcontractor. The tasks in- 
volved i n   t h i s  phase of the program are shown belaw and are described in  
de t a i l  i n  t h i s  report: 

o Contaminant Load Review and Refinement 
o Establishing Carbon Bed Performance Characteristics 
o System Analysis and Optimization 
o Long-Tern Model System Testing 
o Full-Scale System Preliminary Design 
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W I S E D  CONTAMINANT MOD= 

The or iginal  contaminant  load developed in Contract NAS 1-6256 w a s  

reviewed d u r h g  t h i s  program and rev ised   to   re f lec t  a change i n   t h e  nominal 

crew size from 9 t o  12 men, and t o  take in to  account the   fac t  that the  or iginal  

estimates made no allowance for  the  reduction  in equipment contaminant off-  

gassing as a function of time. The allowable contaminant  Levels were a l s o  

modified t o   r e f l e c t   t h e   l a t e s t  data of the  panel on A i r  Standards for  Manned 

Space Flight of the Space Science Board, National Academy of Sciences . 
The revised contaminant model i s  shown in Table 1; also  included  in  this 

table   are   the  or iginal  equipnaent contaminant  production rates generated 

d u r h g  NAS 1-6256. 

(1) 

Biological Contaminants 

The biologically produced  contaminant production rates were based on a =-man crew size. The production  rates  for  pyruvic  acid,  ethyl  alcohol, 

methyl alcohol, nu-butyl  alcohol,  acetone, and acetaldehyde were based on 
the  experimental measurements of R. A .  Dora, e t  al' 2 ) .  In  these  tes ts ,  a 

number of subjects were enclosed in  bags, and the contaminant  build-up rates  
were noted. The average ra tes  observed were used in  Table 1. The presence 

of these contaminants in   the   e f f luents  of man has been observed by other 

 investigation^'^). The  ammonia production ra te  was based primarily on data 
in   the NASA L i f e  Sciences Data Book on the  concentration of ammonia in  sweat 

with some allowance fo r  ammonia production from urine. Carbon  monoxide  and 
methane production rates were based on experimental  buildup data from closed 

system tests and data in the  NASA Life  Sciences Data Book. Hydrogen production 
was based on literature values  for  the  quantity of hydrogen in human flatus. 

The indole  production was based on a fract ion of the  indole  content of  human 

feces. 

For those  contaminants  cited  in  the  literature as known biological 

contaminants,  such as caprylic  acid,  ethyl mercaptan,  methyl  mercaflan, 

propyl mercaptan, valeraldehyde, and valeric  acid,   for which no ra te  data 

are  available, a rate  consistent  with Dora's  production ra tes   for  similar 

compounds w a s  established. 
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Table 1 

REVISED CONTAMINANT MODEL 
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Table I. (Continued) 
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Non-Biological  Contaminants 

In  the  or iginal  IHCOS study, t h e   t o t a l  production rate of non-biological 
contaminants w a s  based on an extrapolation of  experimental data from out- 
gassing of Apollo equipnent. These data w e r e  extrapolated  to a typ ica l  space 
station;  hmever, no allmance w a s  made in the original  IIiCOS study for   the  

fac t  that the Apo3lo outgassing rates were based on a fourteen day mission 
and that the  space s ta t ion mission would be  considerably  longer. Due t o   t h i s  
longer t o t a l  exposure, it is anticipated that the  average t o t a l  dai ly  contami- 
nant  production rate would  be reduced. A review of available  material on off-  
gassing  studies was made t o  determine if any pertinent data existed. The most 
appropriate data from which an  estimate of t h i s   e f f ec t  can  be made were taken 
by Cox and Smith. In   their   s tudies ,  22 samples of representative space  cabin 
organic materials were investigated. These materials were placed i n  a bel l  jar, 

and the contaminant  off-gassing rate w a s  monitored as a function of time. The 
average  off-gassing rate as a function of time f o r  the x) materials is  presented 
in  Figure 1. The experimental data were obtained fo r  a time period of 45 days 
and extrapolated  to 180 days. 

Based on these  data, an average  off-gassing rate w a s  established  for  the first 

14 days, and an average ra te  w a s  determined f o r  180 days. The r a t io  of these two 
ra tes  w a s  approximately 4.9. Thus, the  average production  rate developed u t i l i z ing  
Apollo data could be as much as 4.9 t b e s  the  average rate anticipated  for 380 days. 

The or iginal  IRCOS contaminant load assumed for a space station  included a 

t o t a l  estimated equipment load of 50 grams/day. The individual maximum contaminant 
equipnent  production rates were  assumed as an arbi t rary percent of t h i s   t o t a l ;  
hwever,  the sum of these  individual maximum rates w a s  i n  excess of !XI grams/day 
(i.e., 168 grams/day). I n  order t o   s i z e  a sorbent bed system for   the   to ta l   des ign  
contaminant  load, it is necessary t o  have a m o d e l  of t h e  contaminant load 
ut i l iz ing  nomipal individual rates. The individual maximum ra tes  could s t i l l  

be ut i l ized  to   es tabl ish  the  sorbent  bed flav rate requirements. The var ia t ion 
in these max'5tn.n~ rates t o  br ing   the   to ta l   in  line with a 50 g r a m s / d a y  to%al. 
production rate would be a reduction by a fac tor  of 3.37. Combining t h i s   f a c t o r  
with  the  reduction  related  to  the change in production  rate  with time, yields a 

potential  reduction  factor of 16.5. 
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The IHCOS contaminant  load w a s  compared with  the contaminant model used 
in   the  AILSS study. The t o t a l  number of contaminants  used in   the  A I I S S  model 
w a s  quite small and probably unrea l i s t ic   for  a space station. The individual 
equipment production  rates of those  contaminants were compared with  the 

individual IHCOS ra tes   for   the  same contaminants. The t o t a l  IHCOS rate fo r  
these 10  contaminants is 16.5 t imes  the  total  AILSS rate.  This, huwever, is  

heavily  influenced by methane which is  Over one-half of t h e   t o t a l  IRCOS r a t e  
for   these 10 contaminants. Not considering methane, the IHCOS rate fo r   t he  
remaining 9 contaminants is  7.4 times  the AILSS rate .  Based on the above 
considerations, it appears  that   justif ication  exists  for reducing the m a x i m u m  

individual mC0S equipment production rates by a factor  of between 7 and 16 
t o  obtain nominal rates t o  be  used for  the  sorbent bed design. It w a s ,  there- 
fore,  decided t o  reduce the IHCOS equipnent ra tes  by a factor  of 10. These 
data are  shuwn i n  Table 1. It should be recognized that this  reduction is  
PrFnarily based on the  fact   that   the  contaminant  off-gassing rate w i l l  decrease 
with  time.  This means tha t   the  nominal production  rates  presented  in Table 1 

actually  represent  average rates throughout  the  mission.  In  reality,  production 

rates w i l l  be higher i n i t i a l l y  and lower a t  the end of the mission.  Therefore, 
average o r  nominal rates are  suitable for   s iz ing expendable  sorbent  beds  but 
system flow rates should be based on the   i n i t i a l   o r  maximum production rates. 

Also, the  quantity of sorbent  required  for  regenerative  sorbent beds should 
be based on initial o r  maximum production rates. Thus, the nominal ra tes  
presented in  Table l w e r e  used for  sizing  the expendable  beds, and the nominal 
equipment, production rates,  plus  the  metabolic  production  rates, were used t o  
es tabl ish system f lm ra tes  and the  quantity of regenerative  sorbent. 

Arbitrary equipment production  rates have been assigned,  based on a 

percentage of t h e   t o t a l  equipment ra te  and symbols have been u t i l i zed  in 

Table 1 t o  designate  these  rates. For those  contaminants  considered t o  be 
primary c a d i d a t e s   f o r  equipment off-gassing,  the symbol P i s  ut i l ized.  For 
those contaminants  considered t o  be 

gassing, the symbol S i s  used. The 
equipment production  rate, which i s  

For the  design  studies,  the primary 

secondary  candidates f o r  equipment off-  
prime is  used t o  designate  the nominal 
one-tenth the maximum equipment ra te .  
individual m a x i m u m  equipment rates were 
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taken  to  be 5% of the  total  or 2.5 grams/day,  and the secondary  rates  were 
taken  to  be 0.5% of the  total  or 0.25 grams/day.  The  nominal  design  rates 
were  then  assumed to be  one-tenth of these.  "he  contaminants  considered  to 
be  primary  were  those  contaminants  that  have  been  detected  in  several 
manned  systems  such  as  spacecrafts,  submarines or simulator  tests.  The 
contaminants  considered  to  be  secondary  were  those  detected in only a few 
manned  systems or only in material off-gassing studies. 
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CARBON BED PERFORMANCE 

During the  adsorption  process,  the  adsorbate  vapor  distribution  through 
a carbon bed can take  several  forms, depending on the  adsorbability and ra te  
of adsorpt ion  re la t ive  to   the space velocity and bed length.  Figures 2, 3, 
and 4 i l l u s t r a t e   t he  three common vapor dis t r ibut ion curves. L designates 
the bed length i n  each  case and C the vapor  concentration in   the bed. In 
Figure 2, the vapor  has j u s t   s t a r t e d   t o  flow through the  bed, hence, time t 
is essent ia l ly  zero.  This  type of curve is  obtained when the rate of adsorp- 
t ion  i s  very   fas t   re la t ive   to  space velocity and bed length.  Figure 3 
i l lust rates   the  other  extreme, where the  adsorption rate is  slw. In   t h i s  
case,  the  gas  could  penetrate  the bed immediately. 

I n  each  case,  the  length of the curve  along the L axis measures the 
length of the  adsorption zone. If the vapor input is  continued, the  adsorption 
zone  of Figure 2 increases and in  time, a steady s t a t e  is  at ta ined  in  a segment 
of the  bed. Figure 4 i l lus t ra tes   the  steady s t a t e  c w e  at time t, when a 

steady s t a t e  is first attained, and at t h e  tb, when the vapor has just s tar ted 

to   penetrate   the bed. The service  time is then tb, when penetration  concentra- 
t ion is  Cb. 

For the  type  curve  in Figure 4, the  length of the  adsorption zone 
be designated as I, and L-I then  represents  the saturated layer  length. The 
amount adsorbed i n  L-I can  be calculated by use of the  potential  theory 
equation to   ob ta in  A, the  potential  parameter, and then  determine q, the 
charcoal  capacity, from the  potential  theory  plot of q vs. A. . In  
the  equation, 

(4) 

Ci is the  influent  concentration, as in  Figures 2 t o  4, Cs is the  saturation 
concentration at temperature T, and Vm i s  the molar volume of the  contaminant 
vapor  being  adsorbed. q i s  an equilibrium  value; hence, is  only dependent 
on the contaminants  adsorbability at temperatare T on the  particular carbon 
and the  re la t ive vapor  concentration Ci/Cs. 
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Tne adsorption zone length I may be a function of many parameters,  i.e., 
space velocity, carbon p r t i c l e  diameter,  temperature,  diffusion  the  pores, 
chemical reactions on the carbon surface and Ci/Cb. I. M. Klotz 
d id  theore t ica l   s tud ies   to   re la te   these  parmeters to  the  adsorption zone 
length and derived  the  follwing  equation, 

i3 

1 = It + Ir 

I is a function of diffusion  rate of  adsorbate  molecules from the gas stream 
t o   t h e  carbon  surface, and Ir is a function of processes  occurring  within the 

pores of the carbon. The l a t t e r  could  be diffusion of molecules  through the 
pore structure and adsorption  or chemical reaction on the carbon  surface. 

t 

2.3p [ Dp cI u m ] 0.41 [ p”., ] 0.67 ci 
It - - a 

- 
‘b 

and 

Ir = k log ci 

‘b 

In these  equations 
a = superf ic ia l  area of par t ic les  per unit  bulk volume, cm /cm 
D = mean par t ic le  diameter, cm 
Urn= l inear   veloci ty  of gas between par t ic les ,  cm/sec 

2 3  

P 

P =  density of  gas  mixture,  g/cc 
p = viscosi ty  of gas  mixture,  poise 
D = diffusion  coefficient of adsorbate  vapor, cm /sec 
Ci= influent  concentration 
Cb= penetration  concentration 
k = a constant 

2 
V 

when the  carrier  gas is 31% O2 - 69$ N2 at  298OC and 517 mm of Hg pressure. 
I =  1 1 . 5 5 [ a  1 D 0.41 C 

P log - V 

For high  molecular  weight  vapors,  (i.e., Vm loo), I = It with very l i t t l e  
contribution from Ir. 
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Figure 5 Effluent Concentration Curve 



For l i gh te r  molecules, It decreases r e h t i v e l y  while Ir increases.  Since 
Ir cannot  be detelrmined analytically, adsorptian zone length must be  determined 
exprimentaUy. 

There are two ways t o  experimentally determine the adsorption zone length: 

(1) by determining  the  effluent  concentration  curve, and (2) by determining 
theadsorption zane 1ength.m effluent  concentration  curve is  i l l u s t r a t ed   i n  
Figure 5 and can be used f o r  this pu rpse  if' the adsorption zone has attained 
e steady  state  before it penetrates the bed. Then 

Fi,we 6 i l l u s t r a t e s  an adsorption zone length curve. To obtain t h i s  

curve, service  times (t,) a re  determined for  progressively  longer bed depths 
(L) . The intercept of the straight portion of the curve with the L axis 
determines I. This i s  the  technique that was used i n  t h i s  program. 
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Figure 6 Adsorption Zone Length 



Saturation  Capacity of ChElrrcoal 

The follming sections  describe  the  techniques used t o  determine the 
saturation  capacity of the  charcoal. 

Sorbent  Selection 
The major portion of a contaminant  adsorbed by a charcoal bed is  retained 

in  the saturated layer.  This w a s  demonstrated  experimentally and is  described 
in the  discussion of adsorption zone length. For t h i s  reason, the equilibrium 
capacity of carbon in   the  saturated  layer  is  the  primary  guide for   select ing 
the  charcoal most su i ted   for  a given  application. It w a s  i n i t i a l l y  assumed 
i n  this program that super-activated  charcoal would yield  the  highest  overall 
capacity  since  experiments  with CC14 had indicated  capacity  increases mer other 
caxbons of up t o  l5@. 

Thus, the first carbon investigated w a s  a super-activated coconut charcoal. 
A potent ia l  plot f o r   t h i s  carbon was  developed and is sham i n  Figure 7. "he 

supporting  experimental data are presented in Appendix A, and the  apparatus and 

procedures for  obtaining  the data are described in Appendix B. When the complete 
potent ia l   p lot  w a s  obtained  for  the  super-activated  charcoal, it w a s  observed 
that the  super-activated carbon had higher  capacity  for well-adsorbed  contami- 

nants than f o r  poorly  adsorbed  contaminants when compared with Barnebey-Cheney 
BD. The super-activated  carbon is  t rea ted  Fn a manner which opens the pore 
structure resulting in increased  capacity  for  large molecules  (i.e., law A 

value).  For  typical  spacecraft  requirements, only sm&L amounts of charcoal 
would be required  for the remaval of contaminants  with small  A values. The 
major portion of the  bed would be  required  for  poorly adsorbed  contaminants 
wi th  larger  A values. The dis t r ibut ion of pore sizes in the  super-activated 
charcoal is  such that the BD charcoal  yields better performance Fn the  region 
of interest   for   spacecraf t  contaminants. 

When it was discwered that the BD charcoal was sup?rior t o   t h e  super- 
activated, it was  decided to  investigate  Pit tsburgh and Bamebey Cheney G1, 
which were both  considered as good candidates. No additional  capacity data 

were obtained on BD wince i ts  capacity was extremely w e l l  documented. The 
poten t ia l   p lo ts   for  the Pittsburgh BF'L and h e b e y  Cheney G1 are also  sham 
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i n  Figure 7, and the  supporting  experimental data is presented in  Appendix A. 

Neither  the G1 or  the BPL charcoal  appeared t o  be superior   to   the BD i n   t h e  
region of interest .  For t h i s  reason, BD w a s  se lected  for  use on the final 

system design. 

Since, however , a great  deal of the  experimental data had been taken on 
the G1 carbon, it w a s  decided t o  use t h i s  carbon fo r   t he  comparative t e s t s   t o  
establish  the  effects of humidity and phosphoric  acid  impregnation. These 
data were then  extrapolated t o   t h e  BD charcoal. 

Effects of Moisture and Impregnation 

Data presented for  activated  charcoal are generally  taken  for  single 
contaminants and a dry gas  feed. When spacecraft  requirements  are  considered, 
the  desirabi l i ty  of selecting a 50$ i n l e t  RH is evident. Also, the use of a 

phosphoric acid  treatment of the  charcoal is proposed as a candidate for   the  
removal of ammonia gas.  Impregnating  charcoal  with  phosphoric  acid can  be 
accomplished with no additional weight and with only a slight  reduction i n  
overall  charcoal performance. 

The trade-off  studies  presented  in a subsequent section have indicated 
that t h i s  removal technique  for ammonia is  superior  to  providing a separate 
ammonia sorbent. 

Data were taken by EAR on G1 charcoal  with  both humid and dry i n l e t  
streams and w i t h  G1 charcoal  treated  with phosphoric acid  in a humid stream 
t o  determine the  effect  upon the  potential  plot. These data are  presented 
in  Figure 8, and in de t a i l  i n  Appendix A. 

Tests were conducted with  both  acetone and F-l l  i n  a dry inlet   feed  gas.  
These t e s t s  confirmed the  potential   plot   for  the  charcoal.  Subsequent tests 

with a 50$ RH inlet   gas showed a negligible  reduction  for  acetone, a soluble 
material, acd a 30s reduction  in  adsorption of F-ll, an Fnsoluble  material. 
Data taken  with F-11 in a 50$ FEI carrier  gas on charcoal treated with phos- 
phoric ac'ld showed a further 40 percent  reduction i n  capacity  for  the  insoluble 
F-11. These t e s t   r e s u l t s  are presented i n  Figure 8. 
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Figure 8 Potential  P lo t  f o r  Barnebey Cheney G-1 Carbon 
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The proposed mechanism behind these  results l ies in the  adsorption of 
water by chascoal,  resulting in a displacement of contaminants. In the  case 
of acetone, which i s  water soluble,  the  acetone  dissolves in the  water, 
migrates t o  an adsorption si te and is  adsorbed in  the  charcoal,   easily dis- 

placing the water which has a much higher A value. In the  case of F-11, which 

is  water  insoluble,  the water effectively  blocks  the  adsorption  sites  reducing 
the  capzcity.  Therefore, two adsorption  lines are proposed f o r  the  potent ia l  
Plots, one for  soluble  constituent and one for  insoluble ones. The postu- 
la ted  effect  of phosphoric acid is  t h a t   t h i s  delequesent material increases 
the blockage e f fec ts  of water. For materials having a very  large molar 
volune and a low A value,  the  heat of adsorption  should be suf f ic ien t   to  
drive  water  progressively from adsorption sites resu l t ing   in  no decrease in  
capacity  for  these materials. Thus, the presence of phosphoric acid would 
only offset   the  insoluble contaminants. 

Using these mechanisms  and resul ts ,   the   potent ia l   p lot   for  Barneby- 
Cheney BD charcoal has been  modified, as shown i n  Figure 9, t o  allow for   the 

effect  of humidity and phosphoric acid  for  insoluble  contaminants. The basic 
l ine  i s  assumed val id   for   soluble  contaminants  such as acetone. 

Saturation  Capacity  for  Kultiple Contaminants 

The potential  plot  presented  in  Figure 9 presents  the  equilibrium  capacity 
in   the setur&ed layer as a function of the  potential  parameter A. These data 

were obtained with slbgle contaminants, and the  correlation can be used t o  
es tabl ish the capacity of a carbon sorbate  for  single contaminants. A theory 
is  needed, hawever, t o  allow prediction of equilibrium  capacity  for  multiple 
contaminants. The  most conservative  interpretation  for  multiple contaminant 
si tuations would take  the sum of the  charcoal  required by a l l  of the contami- 
nants  individually, assuming no co-existence between Contaminants. The other 
limit or  optimistic view would take just the  quantity of charcoal required f o r  
the most poorly adsorbed (or  the  single contaminant that required  the  greatest 
quantity of charcoal) and assume that a l l  other  contaminants would also be 

adsorbed on this   quant i ty  of charcoal. This l a t t e r  approach  implies complete 
co-existence. I n  r ea l i t y ,   t he   s i t ua t ion   l i e s  somewhere between these two limits. 
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Several  theories have been proposed for  multiple contaminant  adsorption; 
however, the  theory that best fits the experimental data obtained i n   t h i s  and 
other programs is based on the  assumption that the blockage of one contaminant 
by another is a function of the  difference i n  adsorption  potential between the 
two contaminants. Such a correlation is sham  in  Figure 10. The data presented 
i n  Figure 10 w e r e  taken from mixed contaminant  adsorption  experiments conducted 
under NAS 1-5847 and by MSAR during th i s   e f fo r t .  The data shw  the  percentage 
blockage of one contaminant as a function of the  difference  in  adsorption 
Potential  between the two contaminants. It appears from these data tha t  a 
l inear   re la t ion  exis ts  and that complete  blockage occurs for   differences  in  
adsorption  potential  greater  than 16. !Cwo dotted  l ines are shown on the curve, 
one indicating complete  blockage at a potential   difference of 11 and the  other 
indicating complete  blockage at a potential  difference of X). These l ines  
represent what might be considered  reasonable  uncertainty  in  the data. 

A computer program that defines the required  quantity of charcoal  for a 

given  application w a s  developed and i s  described in  the  optimization  study. 
u t i l i z ing  this program, it w a s  possible   to  determine the  sensi t ivi ty  of the 
quantity of charcoal  required t o   t h e  assumed difference  in  adsorption  potential 
that results in  a 100% blockage. The results of the study are sham  in  Figure 
11 f o r  both  the  fixed carbon bed and regenerative beds that w e r e  selected as 
a resu l t  of the optimization study. 

The results of this   sensi t ivi ty   analysis   indicated that in  the  region of 

uncertainty  in AA (i .e., AA a t  100% blockage), the effect  on the 
required  quantity of charcoal is  l e s s  than 10%. A high AAcritical represents 
a high  degree of co-existence and hence the minimum  amount of charcoal  required, 
whereas an A Acritical of zero  represents no co-existence and hence the maxi- 

mum quantity of charcoal required. It appears from Figure 11 that i f  aAcritical 

i s  greater  than 10, it has l i t t l e  effect  on the required  quantity of  charcoal. 

c r i t i c a l  

Determination of the Adsorption Zone 

In the  determination of activated  charcoal  required  for  the removal of 
t race contaminants, two areas of adsorption  are of in te res t .  These are the 
saturated  layer of the bed, which is discussed in the previous  sections, and 
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the  adsorption zone. The thiclmess of the  adsorption zone Was Previously 

defined by the foU.owing equation: 

.41 .41 
‘m (k) + kUm 

This  equation shows tha t   t he   c r i t i ca l  parameters in   the   def in i t ion  of the 
adsorption zone are: 

a = superf ic ia l   par t ic le   area 

D = particle  diameter 
Urn = gas  velocity 
DL = vapor d i f fus iv i ty  

Cb = penetration  concentration 
k = a constant 

P 

Since all of the  variables  are  not lmam in  the above equation, it i s  necessary 
to   ob ta in  exper3mer;tal data t o  establish the  length  or  quantity o f  charcoal 

required in the  adsorption zone. For a given  charcoal and l inear  velocity,  

a l l  of the  variables  relating  to  the  adsorption zone length  are  constant  with 

the  exception of the vapor diffusivi ty  (DY ) and the  penetration  cancentra- 
t i on  (C,) . The vapor d i f fus iv i ty  ( D  ) is s t rongly  re la ted  to   the mlar 
volume, and, therefore, it was decided t o  attempt to  correlate  the  adsorption 

length  for  various contaminants as a fhnction of the  potent ia l  parameter A. 

This  parameter was chosen since it involved  both  concentration and molar volume. 

Adsorption zone length  data were taken  for  both Freon 11 and Acetone and 
are presented in Figure 12 3s a function of A value. The adsorption zone 

length  l i fe   curves   for  j’reon ll and acetone from which the  adsorption zone 
data were derived  are  presented  in  Figures 13  and 14. The adsorption zone 

length is established by the  intercept between an extension of the  l inear  
portion of the  curve and the carbon bed length.  This is because the linear 
portion of the  curve  represents  the  saturated  layer and, thus,  the remainder 
of the bed is  the  adsorption zone. The slopes of the  linear  curves were deter- 

mined from the  capacity data. These slopes were then matched with  the 
experimentally  obtained  adsorption zone length  curves. 
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"he data presented i n  Figure I 2  are f o r  a l inear   veloci ty  of 1.3 ft/min. 
Klotz's equation  indicates that the  adsorption zone length  varies somewhere 

between Um O o 4  and U:*'. Experimental  evidence at this   point   indicates  that 
U;O5 yields the best  correlation. 

To accomplish a sorbent bed design, it is necessary t o  hcw w h a t  the  
adsorption zone length is for  multiple contaminants. To establish this,  adsorp- 

t ion  zone length  curves w e r e  obtained f o r  a mixture of  contaminants. A mixture 
of Freon ll, acetone and methylcyclohexane w e r e  used for th i s  study, and 
adsorption zone curves were established  for (1) Fl1 vith acetone, (2) F I l  wi th  

acetone and methylcyclohexane, (3) Acetone w i t h  F U  and (4) Acetone wi th  F U  and 

methylcyclohexane. These data are  presented in Figures 15 through 18. 

It was anticipated that the  effect  of increasing the number of contami- 
nants would tend to   increase the adsorption zone length. The adsorption zone 

data f o r  acetone  bore this out. Acetone s ing ly  had an adsorption zone length 

of G .47 cm while  the adsorption zone f o r  acetone  increased slightly to 0.62 cm 
w i t h  the  addition of Freon ll. The adsorption zone f o r  acetone  increased a 

l i t t l e  fur ther  t o  0.65 cm when methylcyclohexane was added t o  the m i x t u r e .  

The experimental results with Freon 11, hwever, were contrary t o  w h a t  was 
anticipated. The adsorpt im zone length  for  Freon ll s i n g l y  w a s  0.62 cm; 

however, the adsorption zone decreased t o  0.49 cm with acetone and remained 

at 0.49 cm with  the  addition of methylcyclohexane. While acetone and Freon 11 

did not behave as anticipated, it appeass as if one can draw the  conclusion 

that going to   mult iple  contaminants  produces no s ignif icant   effect  on the 

adsorption zone length and that probably  nearly  complete  co-existence  occurs 

in the  adsorption zone. The =ason for   the  shift  in experimental Esults 

from acetone to h o n  l l  can  probably be attributed t o  data scat ter .  It i s  
also evident f r o m  these data that the  adsorption zone length required is  less 
than 1 inch and is, therefore, a very small portion of the t o t a l  bed length. 
Thus, for t h i s  particular  application,  uncertainties in the  adsorption zone 
length are  not of great concern. 
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charcoal Desorption 

The regeneration of charcoal is  an important f ac to r   i n  reducing the 
weight of a t race  contaminant  remaval  system. An experimental  investigation 
was conducted to  establish  the  conditions under which contaminants  could be 

successfully  regenerated under vacuum and heating  conditions. 

The test  results have sham that materials which are very  strongly 
adsorbed  cannot be completely  desorbed from activated carbon  using a heat 
and vacuum cycle.  Attempts t o  desorb diisobutol ketone.shawed a residusl  
loading after  several   hours of desorption a t  2oo°C and vacuum. Runs made 
with  caprylic  acid  also show this  residual  loading. As these m s  were 
performed at high  sorbent  loadings and as spacecraft  conditions w i l l  r esu l t  
i n  law loadings, it i s  fel t   that   the   res idual   in   these  desorpt ion experiments 

w i l l  be in   the same order as the  actual  operating  conditions  in a spacecraft. 
Thus, it is expected that materials  with a high molar volume (Vm >185) may 
not be desorbed by heating and  vacuum. 

Data taken on n-octone (V, = 180) and below indicate that desorption of 
these  materials is possible. Desorption  time of 1 t o  2 hours seem adequate 
t o  completely remove the adsorbed materials. 

In  order to  assess  the  desorption of we- adsorbed material, cyclic 
desorption  tests were run on acetone. These runs shared that capacity is 

not  decreased measurably mer  several   cycles a t  a desorption  temperature of 
100°C. Hmever, reducing  the  temperature t o  25OC resulted  in very poor de- 
sorption, even with  desorption  periods as high as 8 hours.  Tests  with 
acrolein showed a tendency of th i s   mater ia l   to  polermerize. No t e s t s  were 
conducted with  this   mater ia l  a t  law concentrations which should eliminate 
t h i s  problem. 

I n  summary, desorption  tests have sham that contaminants in  the V, 
range of 180 t o  80 are   sa t i s fac tor i ly  desorbed at m 0 C  Over a 2-hour period 
and tha t  100°C and 2 hours i s  adequate for  those contaminants with a molar 
volume  of l e s s  than 80. 

The following  sections  describe  these  experimental investigations. 
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Regeneration of Cazbons  Exposed t o  Contaminants with V 7 83 .- The regeneration 

of the carbons  exposed t o  contaminants  with  high  molar volumes was conducted 

a t  m 0 C  under vacuum between U-4 and mm of Hg pressure. One or  more 
hours of heat treatment w a s  applied  during  each  regeneration. The adsorption 

phase was carried  out at atmospheric  pressure  with dry nitrogen as carrier  gas 

for   the  contaminant. To obtain  the  gas mixture, nitrogen was metered  through 

the  l iquid contaminant in a bubbler and the mixture diluted  further  with metered 
nitrogen. The gas flows were varied between 1.93 and 2.3 l/min f o r  carbon bed 
of 2.83 cm area. 

Yl 

2 

A t  the  concentrations employed, the amount  of contaminant  adsorbed varied 
between 3O$ t o  75$ by weight as compared t o   t h e  1$ expected  adsorption  during 

actual  application. For t h i s  reason,  the  regeneration was not  considered 

successful  unless  the contaminant was completely  desorbed, i.e., t o   l e s s  th-an 

0.1 ng/g. 

To prepare  the  carbons for  the  regeneration experiment, they were given 

a prior  treatment  identical t o   t h e  one received  during  the  regeneration.  In 

t h i s  way, a reliable initial weight of the  carbon and adsorption  tube was 

obtained. 

Table 2 presents  results, and also  conditions, of a number of regeneration 

runs. It is  cer ta in  that n-octane (Vm = 183) and contaminants lower than V, = 180 

can be completely  desorbed in a reasonable  length of time. Complete desorption 
of caprylic  acid (V, = 197) is doubtful,  while  diisobutyl ketone  cannot be 

completely  desorbed. 

Regeneration of Carbons Exposed t o  Contaminants with V < a.- Regeneration 

experiments w e r e  conducted on carbons exposed to   ac ro le in  (CH2 = CHCHO) and 
acetone. The adsorption  phase of the  acrolein experiment was conducted a t  a 

high  influent  concentration, on the order used i n  the  previous  experiments. 

The resu l t s  and conditions are presented in  Table 3. Attempts were f irst  made 
t o  desorb the  acrolein a t  ambient temperature.  This w a s  not  very  effective, 
whereupon the  regeneration w a s  resumed at 100°C. 
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ContamirmA 

Misobutyl Ketone 

Caprylic  acid 

n-Octane 

P 
4= 

Methyl cyclohexane 

Methyl cyclohexane 

ter-Amyl alcohol 

Cyclohexane 

TABLE 2 
lGXlIZS ON CARBONS EXPOSED To HIGH 40OLOR V O W  COIJTAMINANTS 

AND REGETJERATED AT 2 X 0 C  AND ,d rn Hg PRESSURE 

Type 
Carbon 

super- 
actv . 
138$ 
CC14 

super- 
actv . 
154% 
CC14 

super- 
actv . 
1545 
CC14 

super- 
actv . 
CC14 

Pgh . 
BPL 

BC G I  

Super- 
actv . 

15474 

154% 
CC14 

Weight 
carbon, 8 

5 025 

5.68 

5 074 

5 976 

9.45 

2.23 

5.68 

Weight 
Ads influent Amt cont ads Regeneration residue on 

conc, mg/l All!& time, h r  carbon, g / q  

-" 2.443  0.466 3-25 0 .m63 
7-0 0 .OO48 

23-0 o .0051 

9 09 

39-3 

15.8 

0.106 o .0187 

4.300 0.749 

2 .o 0 .mu 

1-75 0 . m 3  

1 .o 0 .W42 
3.5 0 .oooo 

2 .o 0.0003 

2 .o 0 .oooo 
1.0 0 .OoOo 



TABLE 3 
VACUUM REGENERATION OF SUPERACTIVATED CARBON 

(1385 CC14 ACT.) EXPOSED TO ACROLEIN 

Weight Carbon: 
Carrier  gas : 

Gas flaw 

Pres sure 

Acrolein conc : 
Amt ads 

Time, hr 

0 

1 

16 

22.70g 

N2 
2.3 l/min 
atmospheric 

1.1 ng/l ( e s t )  
0.682 g: 0.030 g / g  

Temp, OC W t  ads on carbon, g/& 

25 o .0300 
25  0.0233 
25 0 -0175 

Regeneration  continued at elevated  temperature 

0 25 0 e0175 

2 100 o .0152 

Regeneration  temperature  increased 

0 100 

1.5 290 

4.5 200 

o .0152 
0.0144 
0.0021 
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I -  

Regeneration was still  slm, and so the  temperature was increased t o  2oO°C. 
“he residue remaining after the Z W 0 C  regeneration was still  sizable, con- 
sidering the extended time of regeneration. Although acrolein (V, = 66)  was 
not  strongly adsorbed in i t i a l ly ,  i t s  re ten t iv i ty  w a s  good. This was believed 
t o  be due t o  a possible  polymerization which, hawever, could  not  occur at 

the  very law concentration  levels in the  spacecraft. 

The acetone  regenerations were conducted on superactivated  carbons exposed 
t o  acetone at law influent  concentration, i.e., 0.021 mg/l. The ca r r i e r  gas 
was 30% O2 - 705 N2 at 34$ re la t ive  humidity and 10 lb/in  (abs)  pressure. 
Because of the moisture  content in   the   car r ie r  gas, the weighing method could 
not be  used a‘s reliably as when dry  gas was used.  Also, the weight of contami- 
nant is  very small, on the  order of 0.007 g/g maximum, hence weighing errors  
would be large. To determine  regenerability,  the  gas-life was determined 
a f t e r  each  regeneration and the  gain or  loss   in   gas- l i fe  used t o  determine 
the  effectiveness of the  regeneration. 

2 

Regenerations were conducted a t  100 C and a t  ambient temperatures, under 

vacuum.  The conditions and r e su l t s   fo r   t he  100°C regenerations  are  presented 
i n  Table 4 and Figure 19. The conditions and results for   the ambient tempera- 
ture  regenerations axe  given in  Table 5 and Figure 20. 

0 

If the  gas-life is designated as the  adsorption time t o   t h e  time when 
the  effluent  concentration  reaches 14 of the  influent  concentration,  the 
effluent  concentration  curves of Figure 19 indicate the fo l lw ing  changes 
in  carbon ac t iv i ty  wer four  regenerations. 

Regeneration  Regeneration Time, h r  Gas-life, min 

initial carbon 
1st 

2nd 

3rd 
4th 

” 

1 

1 

1 

2 

100 

90 
60 
60 
90 
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TABLE 4 
REGENERATION AT 100°C AND < 10 -4 mm Hg 

PFESSURE OF SUPERACTIVATED CARBON EXPOSED TO ACETONE 

Carbon weight : 
Carrier gas : 

Pres  sure 
Gas flcrw 

Acetone  conc. : 

Rel. hum. 

2.711 g 

30% O2 - 70% N2 
10 lb/  in2 (abs) 

2.83 l/min 

0.021 mg/l 

34% 

Effluent cone data on successive runs 

conc., $ of influent 
I n i t i a l  1st reg 2nd reg  3rd  reg  4th  reg 

time, min R u n  x) Run 21 

0 .o 0.2 
0.8 1.2 
2.1 -" 
3-2 3 *6 
5 -9 6.2 
7 09 8.6 

18.9 20.1 
13.8 u 95 

Adsorptive capacity, g, for  Run 25 

RUII 23 

0 07 
1.5 
4.3 
5 -0 
8.5 

l.2 07 
16 .o 
28 .o 

~ u n  25 

0 .o 
1.2 
3.1 

6.8 
"- 
-" "- 

26.4 
58.8 
82.5 
80.3 
96 .o 

A = 17.6 
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5 
REENERATION AT A M B ~  TEMPERATURE AND < PRESSURE 
OF SUPER-ACTIVATED CARBON (1545 CC14 Act.) MEWXD TO ACETOm 

Carbon weight : 
Carrier gas : 

Rel. hum. 

Gas flaw 

Acetone conc.: 
Pressure 

2.703 g 

304 O2 - 705 N2 
34% 
2.83 
0.021 mg/l 
10 lb/ in2 (abs) 

Effluent conc. data on successive runs 

conc., $ of M l u e n t  
Initial 1st Reg. 2nd Reg. 

R u n  19 Run 24 Run 26 

0.1 0 .o 2 97 

1 .3  0.5 5 90 
3 03 1.6 7 -4 
4.6 2.8 8.6 

7 -6 5 -2 13 .o 
10.6 6.6 15 -4 
12.6 11.5 19 .o 
15.6 22.2 31.2 

Regenerated 26hr 8hr  
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Regenerations 1, 2, and 3 were of 1-hour duration, and the carbon los t  

ac t iv i ty  betveen  the first and second regeneration but s tabi l ized on the th i rd  

regeneration. On the  fourth  regeneratton,  the  regeneration tirPe was increased 
t o  2 hr, and the  act ivi ty   increased  again  to   br ing  the  gas- l i fe   to  90 min, 

which w a s  t h e   l i f e  at the end of the first regeneration. It is believed that 

a 2-hr regeneration time at 100°C w i l l  regenerate  the  carbon exposed t o  any of 
the  contaminants  with a Vm < 80. 

The effluent  concentration c w e s  of F i g u r e  x), f o r  ambient temperature 
regenerations,  indicate  the follclwing  changes in carbon act ivi ty .  

Regeneration Regeneration t h e ,  hr Gas-life, m i n  . 
i n i t i a l  carbon ” 85 
1st 26 97 
2nd 8 23 

These results indicatet   that  ambient temperature  regeneration m u s t  be 

considerably  longer  than 8 hr t o  recuver  the initial carbon ac t iv i ty  and that 
complete regeneratitm at ambient temperature may not be feasible. 
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SYSTEN S m C T I O N  AND ANALYSIS 

A contaminant remwal system capable of controlling  the wide var ie ty  of 
potential  spacecraft  contaminants m u s t  involve many elements,  including 
catalytic  oxidation,  charcoal  adsorbents and chemical  pre- and post-sorbents. 
To develop a complete  system design, the s ize  and arrangement of these  individual 
elements, as well as their   required flow rates, m u s t  be considered. The 
catalytic  oxidizer s ize  and flaw rate,  along  with i ts  attendant  pre- and post- 
sorbent beds, was developed  during NASA contracts NAS 1-6256 and IAS 1-7433. 
The design of the charcoal  sorbent beds and their   in tegrat ion  with  the  catalyt ic  
oxidizer and pre- and post-sorbent  beds w a s  the purpose  of t h i s   e f fo r t .  

The design  approach u t i l i z e d   t o  develop the complete  system w a s  t o  assess 
several  candidate approaches to   integrat ing  the  var ious  potent ia l  elements of 
the  sy~tem. In conducting these  trade-off  studies, the constraints  hposed 
were (1) that individual contaminants would not be allowed t o  exceed the maximum 

allmable  concentration and (2) that potential.  catalyst  poisons would not be 

al lwed  to   enter   the  catalyt ic   oxidizer  at concentrations  greater  than a’$ of 

the maximum allcwable  concentration.  Further, as many contaminants as possible 
would be removed  by oxidation. 

O f  the contaminants l i s t ed   i n   t he  contaminant model, 18 require a flaw 

rate  greater  than 3 cm f o r  removal. This means that these contaminants 
could not be controlled by a device  utilizing  the flow ra te  of the  catalyt ic  
oxidizer. These contaminants,  hmever, axe e i ther  adsorbed on charcoal, combine 
with the moisture  present i n  the charcoal,  or are removed by an acid impregnation 
that can be dispersed on the  charcoal. In examining these contaminants, it was 
found that the gas flaw ra t e  and quantity of charcoal  sufficient  for  control of 
pyruvic  acid, which has a substantiated  production rate, provided adequate 
removal for   the  remaining 17 f lm limited contaminants. A review of the 
remaining  contaminants w i t h  a requirement fo r  less than 3 CE;M flow f o r  removal 
indicated tkt a number of these would be controlled by the  charcoal  quantity 
required  for  control of  pyruvic  acid; however, a large number of these contami- 
nants  require  considerably more charcoal  for  control. Thus, the  options that 
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evolved were (1) consideration of a single  chmcoal bed that would control 

a l l  of the Contaminants requiring charcoe.1  removal, 01- (2)  a high flow charcoal 
bed for removal of a l l  contaminants adsupbed a s  well, as pyruvic  acid and a 

low flow charcoal bed for   cont ro l  of the more poorly  adsorbed  contaminants. 

It became evident that the  quantity of charcoal  required  for  control of 

contaminants  adsorbed as well  as pyrwic  acid was not  excessive; however, 
control of the  poorly  adsorbed  contaminants  required a very large quantity 

of charcoal i f  it were not  regenerated. 

Therefore,  charcoal  regeneration had t o  be considered for  these contami- 
nants.  In  the  trade-off  study,  consideration was given t o  systems u t i l i z ing  

a siilgle  high flow regenerative bed, or  a corltbination of a high flow fixed beci 
and a lalr flow regenerative bed. The resu l t s  of the  optimization  study  indicateci 

that t he   l a t t e r  approach i s  superior. The follming  discussion  presents  the 
resu l t s  of the system selection and optimization study, as well  as the performanc? 

analyses of the  regenerative and fixed  charcoal beds. 



System Optimization 

In selecting a concept f o r  a contaminant control system, three  arrange- 
ments of  components were considered. These are  s h m   i n  Figures 21, 22, and 
23. I n  these  schematics,  the major differences l i e  i n   t h e  carbon  beds. In  
Figure 21, a single caxbon bed t h a t  is regenerable is used with a sepaxate 
ammonia sorbent. Dawnstream of t h i s  are the catalytic  oxidizer and pre- and 
post-sorbent beds. The system  presented in  Figure 22 u t i l i ze s  a fixed  high 
flaw carbon bed impregnated with phosphoric acid  for  ammonia removal folluwed 
by a smaller law flaw regenerative carbon bed and the  catalytic  oxidizer  with 
p e -  and post-sorbents. The system sham in Figure 23 d i f f e r s  from tha t  shown 

in  Figure 22 in  that the 1cw flcw and high f lw components are in para l le l  
instead of series.  This has the added advantage of increased  f lexibil i ty 
i n  system  arrangement; hawever, it increases  the  required  size of the  regenerable 
bed s l ight ly .  

I n  general,  contaminants can be  divided  into  three groups which are  contami- 
nants  strongly adsorbed (Group I )  , weakly adsorbed (Group 111) , and strongly 
adsorbed i n  caxbon which has been treated  with phosphoric acid o r  a separate 
sorbent (Group 11). As described in the follawing section,  adsorption data 
have been generalized and a computer program used to  predict   the  required bed 
sizes.  Further,  data were taken which demonstrated  re-regeneration of the 

carbon  beds using a heat and vacuum cycle. Us- these data, the schematics 
were compared t o  determine the optimum system. 

In  these  evaluations,  the  charcoal weight was calculated and fixed  per- 
centage  increases  attributable  to hardware weight added. Further, a “30 lb/m 
p e r  penalty was assessed  for  increases in  peak p e r  consumption. 

The schematic  presented i n  Figure 22 had the  lmest   penal ty  of those 
evaluated.  This system takes advantage of a non-regenerable Group I bed. The 
computer prirrtouts of bed weight as a f’unction of contaminants removed indicated 
a natural  break a t  Methyl e thyl  ketone (MEK) for   the  Group I bed. This resulted 
in   the  removal of a l l  contaminants  having an A value of l e s s  than 23 in the 
Group I bed. In this bed, pyrwic acid has a required flaw of 76 CFM i f  the 
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remaval efficiency is 0.9 at breakthrough. This requirement sets the  flar 

of the Group I bed. The flaw through  the Group 111 bed is established by 
the 3 CFM catalytic  oxidizer requirement . 

In  considering  the  schematic  sham in Figure 21, the  quantity of sorbent 

required t o  remove  ammonia  must be  determined. A t  the  design  generation  rate 
fo r  emmonia, 1.29 l b  of ammcrmia must be removed over a 18O-w mission. 
Review of mater ia ls   for  removal of ammonia shaved that sorbents and  phosphoric 
acid  treated  charcoal are equally  effective. Maxirmrm ammonia capacity for 
these materials is  in the  range of 7 l b  of sorbent per pound of annnonia, 
result ing in a requirement f o r  9.1 l b  of sorbent  material which r e su l t s  in  a 
total   equivalent weight of 16 lb. The regenerable  charcoal bed w a s  then  opti- 
mized f o r  weight and pressure loss penalty,  not  including  desorption power. 
The resu l t s  of the  optimization, sham in Figure 24, shav a penalty of 57 lb 
with a 9-day  cycle time. This  results in a combined penalty  for anunonia 
remaval and single  regenerable bed in excess of 73 lb, not  including the de- 
sorptive  paver  penalty. The parer  required  for  desorption of a single  regenera- 
t i ve  bed is 450 watt..hours, and asslrming natural   losses are negligible for a 
6-hour desorption time, a paver  penalty of 22 l b  results.  This  yields a 

total   equivalent w e i g h t  of 95 l b  for a single  regenerative bed. This  concept 
was rejected  because of its excessive  penalty  aver  those  concepts  presented 
i n  Figures 22 and 23. 

The selection of the  contaminants t o  be  included In the Group I bed sham 
in Figures 22 and 23 w a s  established by a review of flow requirements and 

quantities of charcoal  required. F?yrwic acid  requires  the  greatest  flav  for 
removal, and thus  sets   the  flav requirement for   the  Group I bed; it also m u s t  

be remaved in i ts  ent i re ty  by t h i s  bed. As can  be seen  belm, MEX requires 
l i t t le  additional  charcoal  over  Pyrwic Acid. Thus, it w a s  decided to also 

include this contaminant i n  the Group I bed f o r  remwal in an e f f o r t   t o  
minimize poteatial  desorption problems in  the Group 111 bed. 
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Contaminant 
Pyruvic Acid 
MEK 
Mchloroethane 

N Butane 

Further  inspection of the above data   shms a rapid  increase in the  
required Group I bed weight as additional contaminants are included. As 

a result, the  final selection  cut-off  for  the Group I bed was MM. This 
quantity of phosphoric acid treated charcoal is also  capsble of removing 
the anrmonia. 

Preliminary  calculations shawed that pressure  loss  penalty is a major 
factor in the  design of the Group I bed with  the  high flaw of 76 CFM. Thus, 
a 4 x 6 mesh charcoal was selected  for   this  bed t o  minimize t h i s  penalty. 
Figure 24  shcws that results of a pressure  loss and fixed weight  study made 

fo r   t he  32-pound 18o-day Group I bed. The curve is based on a saturated 

charcoal zone of 30 pounds and includes 1.0 inch f o r   t h e  adsorption zone. 
The adsorption zone is based on a canister  bulk  velocity of 49 ft/min. The 
combined motor fan  efficiency w a s  assumed t o  be 0.35 for   the  purpose of fan 

paver calculations.  Canister  weight was based on a minimum weight  design 
which results in a 25% packing weight. "he curve i n  Figure 25 shws a de- 
crease in penalty as L/D is  reduced.  Experience has sham that bed performance 
becomes unreliable if L/D is  less than 0.5. Thus, the  design  selected has an 
LID of 0.5. 

The  Group I bed has a t o t a l  equivalent w e i g h t  of 56 lb and a diameter 
of 17 inches. Bed length is 8.0 inches. The bed contains 32 l b  of BD 
4 x 6 mesh activated  charcoal in a canis ter  which weighs 8 lb. The 
pressure loss is 1.6 in H20 at 76 (=EM, requiring a 40-wat t  fan. The charcoal 
is  impregnated with 2 miUimoles  of  phosphoric  acid per gram of charcoal. 
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The regenerable Group 111 bed was then  optimized. I n  the  optimization 
of the  Group I11 bed, a 6 x 12 mesh BD activated  charcoal was se lec ted   to  
minimize channelling problems.  For t h i s  bed, an adsorption  zme  length 
of 1.5 inches w a s  determined  based on a velocity of 18 ft/min. A fan 
efficiency of 23s w a s  assumed. This smaller bed has a canister weight  of 
0.33 lbs  per l b  of charcoal  held.  Figure 26 shms  the  penslty of  regenerable 
beds  having differing cycle times. This curve is based on the  above assumptions. 
The results shav that short  cycle times are desirable. 

In an attempt t o  assess the  penalty of maintaining  indepndence  of the 
3 CR4 catalytic  oxidizer  loop f r o m  the Group I bed, the  schematic sham  in  
Figure 23 was generated.  This  schematic uses the same Group I bed as dis- 

cussed  previously. 

The regenerable bed has been increased  in   s ize   to   a l lav  for  removal of 
Group I contaminants t ha t  would enter the bed during  the 180-day mission. The 
design  philosophy f o r  the Group I11 contaminants and penalty  factors were un- 
changed for   those  in   the schematic  sham in Figure 22. Figure 27 shaws the 
penalty  factors  for  the  regenerable bed for   the schematic  shwn i n  Figure 23. 
Comparison of Figures 26  and 27 shows only a 2 - l b  penalty f o r  independence 
of the two contaminant control  circuits.   This was deemed desirable, and the  
schematic sham in Figure 23 was  selected. 

A review of Figure 27 indicates that the  shortest  cycle times are most 
desirable. Hwever,  during the desorptive  period,  the  catalytic  oxidizer 
m u s t  be shut d m ,  requiring  higher flw rates during times of operation t o  
yield the same Contaminant removal capability. The t o t a l  equivalent  weight 
f o r  each  of the  regenerable beds were then adjusted for   the   e f fec t  of cycle 
time on the  catalytic  oxidizer p e r  and weight. Figure 28 presents these 

results which shws  the optimum cycle time t o  be 2 days. 

A n  optbdzation  occurred due t o   t h e   f a c t   t h a t  as the  cycle time decreased, 
the weight penalty  associated  with  the  regenerative bed increased. -ever, the 
weight pena?;ty associated w i t h  the catalytic  oxidizer  increased, which resulted 
i n  a minimum cmbined  equivalent  weight at a cycle  time  of 2 days. The selected 
Group I11 bed, based on the  above results, is 6 inches in diameter and 10 inches 
long, containing 4.9 l b  of 6 x 12 mesh charcoal. The canis ter  weight is  1.7 lb . 
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In the  operation of a contaminant control system, the catalytic  oxidizer 
is  the  largest  p e r  consuming device. The catalytic  oxidizer developed f o r  

this system will consume about 1x) watts, of which 71 watts are l o s t  t o  the 

flow strean. During the charcoal  regeneration  cycle, no flaw w i l l  pass 
through the  oxidizer, making this  p e r  available  for  charcoal bed heating 
at no penalty- of peak p e r .  Thermal calculations on the Group 111 regenerable 
bed indicate that this quantity of p e r  i s  su f f i c i en t   t o  raise the tempera- 
tu re  of the bed t o  the  required 100°C temperature i n  1 hour, allawing an 
additional hour f o r  desorption above th i s  level. This will be sat isfactory 
for desorption. These resu l t s  are presented in Figure 29. 
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charcoal Bed Perfonuance  Analysis 

To accomplish the  analyses conducted in the  system  optimization, a computer 
program w a s  developed t o  estimate the  quantity of charcoal  required  for  control 
of the  various contaminants. A description of t h i s  program is  presented in  
Appendix D. 

The saturation  capacity of activated  charcoal  for any s ing ly  adsorbed material 
can  be estimated fram potential  adsorption  theory. When tests have been conducted 
with  multiple  contaminants at spacecraft  concentration  levels, a displacement 
effect  has been observed in which materials having a lcw A value w i l l  displace 
those having a higher A value from adsorption sites. If the   difference  in  A 

values  exceeds some c r i t i c a l  value, t o t a l  displacement i s  obsenred. Based upon 
these  observations, a computer program was generated t o  estimate the  required 
quantity of activated  charcoal  for  control of multiple  contaminants. 

The program scans all contaminants by A value and then  orders them from 
the lowest to  highest  value. It then  calculates the quantity of sorbent  required 
t o  remove the most strongly adsorbed  substance. U s i n g  experimental  potential 
plot  data, the capacity of this sorbent  section  for  additional  substances is then 
estimated on the assumption that their capacity is less than  saturation and is  
l inear  with A value  difference up t o   t h e   c r i t i c a l  A value. The program then pro- 

ceeds t o  the next  contaminant, which is not  yet  completely removed and repeats 
the  calculation.  This  process is continued u n t i l  all of t he   l i s t ed  contaminants 
have been completely  adsorbed. 

In  these  calculations three potential   plots are used: (1) for water insoluble 
contaminants on phosphoric  acid, impregnated charcoal, (2) f o r  water insoluble con- 
taminants on charcoal  without phosphoric  acid, and (3)  for  water  soluble contami- 
nants on charcoal, either with  or  without phosphoric acid. The rat ionale   for  these 

selections, as described  in  previous  sections, is as follcws: soluble  contaminants 
are not blocked by water since the contaminant dissolves in  the water  and  then 
migrates t o  an adsorption site. Insoluble contaminants,  havever, are blocked by 
water. The e f fec t  of  phosphoric  acid is t o  increase the quantity of  moisture 
present In the  charcoal, and hence, to   increase  the blockage rate for  insoluble 
contaminants. 



In order t o  assess the   sens i t iv i ty  of t he   c r i t i ca l   s i z ing  parameters, 

A A c r i t i ca l ,  flar rate, t ime,  and Contaminant loadings were made inputs 

t o   t h e  program. The program wa6 used t o  generate  the  various  designs that 

were  considered  during  the  optimization  study. The program results are  
presented i n  the  follawing  sections  for two examples in which a fixed  sorbent 

bed and regenerative  sorbent bed are used with f l av  rates of 76 CFM and 

3 CEM respectively. 

Fixed  Sorbent Bed 

The fixed  sorbent  bent flw ra t e  was established by the  production 

r a t e  and maximum all.rJwable concentration  for  pyrwic  acid,  and the  bed 

s ize  was determined by the  highest A value  contaminant t o  be removed  by 

the bed, methyl ethyl ketone, and the  resupply period of 180 days. The 

selection of methyl ethyl  ketone  for  sizing w a s  based on the  requirements 
that pyrwic  acid  required r e m m a l  by a high flaw fixed bed  and that the 

additional  quantity of charcoal  required  to remove methyl ethyl  ketone 

( J c 14$) was small. This small increase i n  the  s ize  of the fixed bed 

traded  favorably against the  potential  increase in  the  desorption tempera- 
tu re  of the  regenerative bed required, if removal of metbyl ethyl  ketone 

were  planned for  the  regenerative bed. Thus, the  sizing of the fixed bed 
was predcminmtly  determined by m i d  acid which has a substantiated 
productian  rate. Benzene and allyl alcohol an? also removed in the portion 
of the bed  provided f o r  metbyl ethyl lretone. The computer program was ut i l ized 

to   s ize   the   sa tura ted   l ayer   for   th i s  bed a d  t o   e s t a b l i s h  w h a t  other contami- 
nants it would control. The program h p u t s  included a flew r a t e  of 76 Cm, 
a bed taperat- of TOOF, and a required removal efficiency of 90%. Assuming 

a high required removal efficiency  implies a l w  inlet concentration and, hence, 

is conservative in establishing bed size  since  the  charcoal adsorption capacity 

is a function of inlet  cancentration,  the program establishes  the contaminant 

inlet  concentration  based upon the  removal efficiency and flm rate. These 

inlet  concentrations  are  valid as long as the  charcoal  capacity has not been 

exceeded. The modified equipnent  productian rates were uti l ized in the 

analysis; hcwever, the  impxt of the  higher  equipnent rate is discussed in 

a later  section. The resu l t s  of the  computer analyses for the  f k e d  bed 

are presented in Table 6 .  
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The approach  used w i t h  the  program, as discussed  before, was t o  establish 

the  quantity of charcoal  required t o  remove the contaminant with the lowest 

A value. The program then  calculates  the  quantity of each of the  remaining 
contemiaants that is  removed i n  that section. In doing th i s ,   the  program 

considers  blockage  effects  with the production rate of each  contaminant and the 

mission  duration  given  during  the program then  establishes  the  quantity of 

each contaminant y e t   t o  be  remwed. Table 6 l is ts  the lead contaminant that  

establishes  the  size of each  section and then a l l  of the  contaminants fully 

remwed i n  that section and finaXLy those  contaminants that are partially 

removed Fn the  section. The program must calculate  the quantLty of charcoal 

required t o  remove the remaining amount of the  next contaminant with the 
l w e s t  A value  repeating this process u n t i l  all contaminants have been removed. 

The reason that more than one contaminant is  removed by s m  sections i s  due 

to   d i f f e r ing  production rates between contaminants and the   fac t  that some 
contaminants are soluble and some contaminants are  insoluble and hence, have 

different  adsorption potential   characterist ics.  Also shwn on Table 6 a re  
the  cumulative masses of the individual  sections. Thus, the  quantlty of 
charcoal  required in the  saturated layer t o  remove a l l  contaminants  through 
methyl ethyl ketone is  74.12 grams/day, o r  29.5 l b  f o r  180 days. To th i s  

29.5 l b  of charcoal  required  for  the saturated layer m u s t  be added the  portion 

required  for the adsorption zone which i s  3 lb .  
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Regenerative  Sorbent Bed 

The design  technique  utilized  for  establishing  the  quantity of charcoal 
needed for  the  saturated layer portion of the  regenerative  charcoal bed w a s  

i d e n t i c a l   t o   t h a t  used f o r   t h e  fixed bed. The program inputs were :  a gas 
flw rate of 3 CFM, an adsorption temperature of TO%, and a removal efficiency 
of &$. The results of the  computer analysis  for  the  regenerative  sorbent bed 
are presented in Table 7. The contaminants removed  by the  f ixed bed through- 
out  the 180-day period  (caprilic  acid  through methyl e thyl  ketone) w e r e  not 
removed from the  regenerative bed program. However, this produced no signif i -  
cant  effect  since  the  quantity of charcoal  required  for  these  contaminants 
is only about 2$ of the total charcoal  requirements. A steady state condition 
i s  assumed for  both  the  f ixed and regenerative  charcoal beds. Thus, some 

contaminants that are i n i t i a l l y  remwed by the fixed bed at a f lav rate of 
76 CFM w i l l  be displaced in a few days, and then their rmwal rates w i l l  be 

solely determined by the flw rate through the  regenerative bed. Table 7 
presents  cumulative sums of all of the  charcoal  required t o  r e m o v e  all contami- 

nants  through  cycloproprane. Contaminants remwed by other  techniques, such 
as catalytic  oxidation and that require  extremely large quantit ies of charcoal 
w e r e  not  included in the program. As can be seen frau the   t ab le  and Figure 30, 
the  required  weight of charcoal  begins t o  increase  quite  rapidly m e r  s l i c e  
15. It is also c lear  that the w e i g h t  of charcoal required t o  remove all contami- 
nants  through  cyclopropane would be  prohibitive. A study w a s  then d e  t o  estab- 
l i sh   t he   f eas ib i l i t y  of prwiding a regenerative clmarcoal bed f o r  a l l  o r  any 
of these contaminants.  Consideration w a s  given t o   t h e  source of those Contami- 
nants  requiring  charcoal  for removal. Contaminants controlled by other  techniques 
did not need t o  be considered.  Table 8 presents a list of all of the  contamhants 
requiring more charcoal  for  control  than  tetrafluoro  ethylene (thru Section 16). 
This  design  point w a s  chosen for  investigation because (1) it represented a 

point where the w e i g h t  f o r  a regenerable  charcoal r e m o v a l  technique  increased 
s i g n i f i c a n t u  as additional contaminants w e r e  considered, (2) fair Just i f icat ion 
exis ted  for  khe presence of vinyl  chloride and tetrafluoroethylene, and ( 3 )  all 
contaminants requiring more charcoal than this were only produced by equipnent 
off-gassing and had relatively  unsubstantiated  production rates, thst is, the 
contaminant  hasn't been  found in any manned spacecraft  or manned simulator test. 
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Octane 
1,1,3 Trimethyl Cyclohexane 
2,2 -thy1  Butane 

Mesitylene 
m 180 Butyl *tone 

Cyclohewvlol 

n-Propyl Acetate 
Ethyl Benzene 

Amyl Alcohol 
3"ethyl pentane 

Chlorobenzene 

Methyl Cyclahexme 
Fbenol 

Methyl Butyrate 
1,2,4 himethyl Benzene 

n-propyl Benzene 

kthyl Isobutyl, Ketone 
Cumme 

Iso, -1 Acetate 
Ethylene Glycol 
rurArral 
Methyl Methacrylate 
Tetrachloroethylene 
Ethyl  Sulmide 
Methyl Furane 
Is0 m y 1  Alcohol 
Fmpionic Acid 
ROW1 Mercaptan 

s l i c e  6 
"xylene 
Trtns 1,2 Dhethyl Cyclohexene 

Sl ice  1 
n-Hcxuue 
1,l &thy1 Cyclohexane 

Sl ice  8 

n-Butyl  Alcohol 
Pyruvic Acid  14.2269 

n-pentane 
Toluene 

Hexene-1 
Methyl, isor~opyl Ketone 
Cyclohexane 
E t Q l  Acetate 
1,4 Dioxane 
Methyl Chloroform 

Methyl Ethyl Ketone 
n-propyl alcohol 

Benzene 
Ethyl  Isobutyl  Ether 
Carbon Tetrachloride 

Styrene 

Freon U 4  
Isoprene 

sec-Butyl Alcohol 
Pentsne-2 
Chloroprowe 
iso-Butane 
Pentane4 

Cyclopentane 
2 Methyl, 1 Butane 

Dimethyl Furme 

Freon U4, Unsymetrical 
Valeraldehyde 
Dimethyl hydrazine 
Allyl Alcohol 

1 Methyl 3 Ethyl Cyclohexane 

0.1768 

0.4197 

- 

Maas of Sl ice  
uws /day 

0 .0318 

0.0532 

Cvnuhtive Mass 
of Sl ice  
gms/dqy Slice 2 
0.0318  Methyl Acetate 

Freon 113 
LMyric Acid 

Ethylene  Dichloride 

0 .lo85 

0.1506 

1.5195 

0.08505 
Slice ID 

Acetone 
1,l Dlchloroethane 
Ethyl F o m t e  
n-Butane 
Trichloroethylene 

Tinus Butaue 2 
Ethyl  Ether 

Methylene Chloride 
Freon U 

cie-lutxne 2 

Acetic Acid 
Ropylene Aldehyde 

Acrolein 
Ethyl Acetylene 

Vinylidene Chloride 

mono Methyl w l r a t i n e  
Ethyl Mercaptan 

Chloroacetone 

Sl ice  ll 
Lfutsne-I. 

c h l o r o r o ~  

"I 

1.6962 

2 .ll& 

16.3429 

Slice 12 
Ethyl Alcohol 

Slice lJ 
160-Ropy1 Alcohol 

Slice 1 4  
1,3 Butadiene 

Tetrahydrofurme 
is0 Butylene 

Slice 12 

han 12 
R O p a n e  

Dimethylsulphide 
Carbon Msulphide 
Reon 21 
Freon 125 
Furen 
Nitrogen  Tetraxide 
Acetonitrile 

Sl ice  16 

Acetaldehyde 
Propylene 

53.058 

654.16 

Vinyl  Chloride 
Tetrafluomethylene (&sign Poixtt) 

Sl ice  17 
Methyl  Alcohol 1645.00 
Cynaimid 
Freon 22 
Methyl Chloride 

Sl ice  18 
Ethylene 
Methyl Acetylene 
Carbcmyl Sulmide 

Slice  19 

7435.74 

Cuulative Mass 
of Sl ice  
gmsjday 

21.7588 

74.8171 

76-36 

81.84 

83.214 

U8.48 

371.95 

1~26.107 

-84 .O 

2671. u 

10106.85 

Ethane 
Chlorofluoromethane 
Sulfur Maxide 

Slice x) 

Cyclopropane  31870.06  54399.13 
Freon  23 
Chlorine 
Nitric Oxide Not in program 

XNot included in program but remwed by f i r s t   s l i c e .  

12422.21  22529.07 

wanly 684 grsme required t o  remwe d m  through 
tetrafluoroethylene. 
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TABLE 8 
POTENTIAL SOURCES OF CONTAMINARTS REQUIRING FXCESSIVE CIIARCOAL FOR CONTROL 

Is Source Identified in any Identified in Apollo 
Contaminznt Potential Source Controllable Manned System  lD1, 103, tc LPI-3 

Nitric Oxide Not knuwn 

Freon 23 Refrigerant 
Intermediate in 
organic  synthesis 

Chlorofluoromethane Not lmm 

Methyl Chloride Refrigeration 
Butyl Rubber catalyst  
solvent 
Petroleum refining 
Forming agent in styro 
foam mfg. 
Reagent in  si l icon 
production 

-1 
0 

Freon 22 Intermediate i n  Teflon 
Mfg 

Cyanimid Not lmown 

Yes 

Yes 
Not knm 

Not Imm 

Yes 

Yes 
Yes 

Yes 

No 

No 

Not known 

Yes 

Ye 5 

Yes 

Yes 

Yes 

No 

No 

No 

No 

No 

Yes 

No 



Also l i s t e d  on this t ab le  are (1) potential  sources, where they are knawn, 
(2) whether or  not  these  sources  could be controlled, and (3) whether o r  
not the  contaminant has been  found i n  e i ther   the  I93 o r  ApoUo ground simula- 
t i on  tests since  the Apollo fire. 

This last item t s  of particular  significance  since a great deal  of material 
changes have taken  place  since that time, and therefore,  contaminants that were 
identified in manned systems p r i o r   t o  that time, but have not been identified 
since, a m  probably  not  potential  space  station contaminants. I n  reviewing 
t h i s  list,  it appears that Freon 22 is the  only one of these  contaminants that 
has been found in  e i ther   the  Apollo or  I91 testing. An investigation of the  
potential   source  for Freon 22 has indicated that it is an intermediate 
in the manufacture of Teflon.  Discussions  with Dupont have revealed that t h i s  

is the only potential  source that they are aware of. Off-gassing studies of 
Teflon, however, have indicated that Freon 22 is not an off-gassing  product. 
I n  the  analyses conducted of the Apollo S/C  101 and S/C 103, E'reon 22 was 
analyzed by gas chromatography using a poropds column which w a s  unable t o  sew- 
ra t e  Freon I2 and Freon 22. Mass spectrometer  anaJysis of the gas chromatograph 
effluent,  hacrever, iudicated  the  presence of both Freon 12 and Freon 22; however, 
no quantitative  reportings have been made. Thus, though  Freon 22 may be present 
i ts  rate probably w i l l  not be nearly as great as assumed in this  investigation. 
An analysis w a s  then made t o  determine what production rate of Freon 22 could 
be supported by a bed large enough to   cont ro l  all contaminants  through t e t r a -  
fluoroethylene at the  design  point. The resu l t s  of this analysis  indicated 
that 375 of the original  production rate fo r  Freon 22 could be controlled by 
the  selected bed, since Freon 22 is  partially removed in  sections upstream 
of Section 17 (Ref. Table 7). In light of the  uncertainties  surrounding  the 
source and production r a t e   f o r  Freon 22, this appeared t o  be a reasonable 
capability. Thus, the 684 grams/day quantity of charcoal w a s  u t i l i zed   fo r  
the  saturated  layer  portion of the  regenerative bed. 



System Performance Sumpllsry 

An evaluation of the Plav rate required t o  remove each of the  candidate 

contaminants  revealed that 76 CFWthrough the  f ixed bed and 3 CEM through  the 

regenerative bed would caa t ro l  all but 1 contamiaant,  based on the naninal 
production rate proposed in Table 1, (monomethyl hydrazine) and all but 8 con- 

taminants based on the  proposed maximum production  rate  (acetic  acid,  acetoni- 

trile, acrolein, methylene chloride,  nitrogen  tetroxide, hydrogen fluoride, 
carbon monoxide, and mono methyl  hydrazine) . In  all of these cases,  havever, 
these  contaminants had design  production rates derived from re la t ive ly  un- 
substantiated equi-t off-gassing  rates . The 76 CFM flow r a t e  w a s  based on 
the  requirement for remuval of pyrwic  acid at the  nominal production  rate. 
Also, pyrwic  acid  establishes  the  size of the  f ixed bed, since it has a 

relatively  high A valm and i s  only a metabolic  contaminant and therefore, 

i ts  production rate does  not change with t h ,  the 76 CFM flw rate is  
adeqnte   for   cont ro l  of the  same contaminants at the maximum production  rate 
except as previously  noted. The 3 CFM flow rate was s e t  by the  catalyt ic  

oxidizer,  designed  under HAS 1-7433 and NAS 1-6256, and the requirement that 
the  regenerative bed be upstream of the  oxidizer  to  provide  effective  control 
of potential   catalyst  poisons, such as the  halogenated hydrocarbons. 

A sunnnary of the  system performance is presented in  Table 9. Included in  
th i s   t ab l e   a r e  a list of the  cantaminants  controlled by t he  system, the  removal 

technique, and the resulting cabin  concentration. The contaminant  concentrations 

are  presented  for  both nominal. and maximum production rates for  both  the 3 CFM 

and 76 CFM flow streams, where applicable. As can  be  seen Pram th i s  table, 

there axe 5 contaminants  which the  regenerative bed i s  scheduled to   control ,  

for which adequate flav is not  provided by the  regenerative bed at the maximum 
production  rate. These contaminants, hcrvever, w i l l  be removed i n  appreciable 

quant i ty   ini t ia l ly  by the fixed bed, when t h e   e q u i w n t  production rates are 

at the  initial or  maximum levels. The capacity  reduction of the  f ixed bed 
diminishes for these  contaminants  paralleling  the  reduction in production 

r a t e  . 
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Table 9 

SYSTEM PERFORMANCE SUMMARY 

R 
R 
R 
0 
R 
R 
? 
?P 
? 
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? 
R 
? 
R 
R 
R 
R 
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? 
? 
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R 
R 
R 
? 
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? 
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m 
m 
R 
r 
R 
? 
? 
? 
? 
? 
? 
? 

R 
I 
? 

? 
? 
R 
R 
? 
? 
? 
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R 
? 
R 
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R 
R 
? 
R 

T 

? 
? 
R 
R 
R 
R 
R 
r 
? 
R 

R 
? 

m 

m 

m 

m 

m 

18.5 
3.6 
24.8 

34.0 
21.2 
21.9 
16.0 
15.1 
a . 3  
19.5 
P . 5  
21.0 
24.1 
23.8 
4.1 
21.1 
15.9 
19.4 
21.8 
19.0 
23.0 
25.0 
26.5 
31.0 

a . 3  

28.3 
15.6 
a .2  
23 .O 
6.1 
15.9 
lb.8 
16.8 

23.9 
14.1 

3i.9 

18.0 
7.0 

18.0 
U.1 
30.2 
19.0 
12.1 
19.5 
24.3 
S.8 

P . 2  
18.6 
26.8 
LL.2 

23.9 
21.2 
18.7 
19.3 

ao.3 

32 
27.7 
21.3 
21.6 
3.1 
4.1 
21.5 
25.3 
3.8 

3 . 8  
18.2 

lc4 
25.6 
25.5 
25.5 
25.5 

2.55 

25.5 

25.5 
2.55 

2.55 

25.5 
2.55 

2.55 
2.55 
2-55 

2.55 
29 .O 

2.55 

25.50 

2.55 
2.55 

2.55 
3 . 5  

25.5 
25-1 

2-55 

25.5 
2.55 

25.5 
2.55 

0.m 
25.5 
4 . 5  
2.55 
2.55 

2.55 

2.55 

3.m 
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Table  9 (Continued) 

m 
m 
n4 
P 
F 
P 

P 
F 
P 
R 
R 
P 
P 
F 
F 
F 
F 
P 
F 

R 
P 
F 
W 
F 
R 
W 
F 

R 
Iw 

R 
F 
P 
P 
P 
R 
F 
P 
R 
P 
R 
R 
R 
P 
F 
R 
F 
P 
P 
ml 
P 
? 
R 
R 
P 
R 
1 
P 
? 
P 
R 
P 
R 
P 
I 
? 

m 

m 

m 

18.8 
15.6 
l2.4 

M.5 
4 .O 

23.9 
27 .O 
18.0 
16.1 
22.7 

W.0 
19.0 

23.1 
16.2 
16.2 
16.0 

34.3 

17.7 
14.6 

13.3 
28.1 

ll.6 

33.3 

300.2 
15.8 
15.8 

22.0 
22.3 

11.6 
14.9 
23.7 
23.0 
15 -7 
22.2 

26.6 
u . 5  

23.4 
21.3 
24.3 
16.0 
16.6 
4.0 

19.9 
18.4 
$6.8 
9 . 3  
15.5 

15.4 
23.0 

Y.2 
25.2 
u . 9  
31.4 
12.0 
27.2 

12.3  
12.0 

12.3 

0.W895 

0.033332 
0.W895 

0.W695 
0.0895 
0.W835 

0.W835 
0.M7 
0.W695 

O.WB5 
0.W835 

0.W895 
0.0835 

0.@5 
O.WB5 
0.0835 
O.WB5 

O.WDj5 
0.W895 

0.W895 

0.W835 
0.m895 

0.03835 
0.W835 

0.0835 
0.0895 
0.W895 
0.00895 

3.03895 
0.0835 

0.00895 

OS0895 
0.03365 

0.W 
0.00895 

O.WB5 
0.107 

0.00835 
0.03@5 

0.0835 

0.00835 
0.03835 
0 . ~ 3 6 5  
0.00365 

0.03835 

O.OB5 
0.0835 

O.OeS5 

2.55 
2.55 

0.255 
2.73 

*(3) 

0.255 
0.102 

0.255 

2.55 

2-55 

2.55 

0.255 
0.255 
0.255 

0.255 

0.255 
0 2 5 5  

2.55 

2.55 

0.255 

25.5 

2.55 
25.7 

9 4 3 )  

2.55 
1.02 

2.55 

25.5 

25.5 

25.5 

2.55 
2.55 
2.55 

2.55 

2.55 
2.55 

25.5 

0.255 

2.55 

0.15 

1.5 
ax) 
le0 
163 
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126 
143 
21 
61 
33 

1430 
193 

o.oe 

59 
3 

41 

75 

E 
a50 
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33 
15 
82 
10 

0.9 
1.9 

0.8 
141 

67 
42 

=5 
59 
75 
52 

140 
49 

70 

l30 
ll0 

63 
20 

44 
w+ 
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Two contaminants, hawever, do nut have adequate control at the maximum 
production rates. These are hydrogen fluoride and carbon manoxide. Both of 
these contaminants have more than adequate flar f o r  removal, harmer, at 
the  average  production rate . The hydrogen fluoride has. a cabin  concentration 
of 0 .OB5 Mg/M3 at the maximum production rate as compared wi th   an .a l lwable  
concentration of 0 .Om Mg/M3 . Thus, t he  system can  support a production rate 
approximately lO$ less than the  arbitrary maximum rate of 0.25 gm/w, which 
does not appea'r t o  be of significance,  since hydrogen fluoride has nut been 
observed in any manned system test and its presence is based on anticipated 
space s ta t ion  experiments. The 3 CEM flcw requirement f o r  carbon monoxide 
control w a s  established in the   o r ig iaa l  IEtCOS study, u t i l i z ing  the maximum 
equipnent  production rates. A t  that time,  carbon monoxide had an allarable 
concentration of 29 Mg/M 3 . The a l la rab le  carbon monoxide leve l  reconnnended 

by the panel on air standards f o r  manned space f l i g h t  of the National Academy 
of Sciences Space Science Board is 17 Mg/M 3 . Thus, f o r  the maximum rate case, 
3 CFM does not provide adequate  control. The production r a t e   f o r  carbon 
monoxide w a s  based, however, on a substantiated  metabolic  production rate 
of 0.4 grams/day f o r  I 2  men, an arbitrary 0.25 grams/- nominal equipnent 
rate, and an arbitrary 2.50 grams/* maximum equipnent rate. Atmospheric 
analysis of Apollo S / C  101 and S/C lo3 established that there w a s  a s ignif i -  
cantly higher carbon monoxide concentration  during the manned tests than 
during the unmnned tests. "his indicates that carbon monoxide production 
is  prbar i ly  metabolic.  For  these  reasons, it appears that the cawbi l i t y  
of the system t o  handle a maximum carbon monoxide equipnent  production rate 
of 1.5 grams/*  at a cabin  concentration of 17 Mg/M 3 i s  ent i re ly  adequate. 

There i s  one contaminant fo r  which adequate flav is not  prwided  for 
either maximum or  nominal production rates; this  is  mono methyl  hydrazine. 
"his cent-t has not been found in any manned spacecraft  or  simulator test, 
and leakage wtthin  or   into the manned cabin from external  sources such as the 

reaction  control system is  not  anticiwted.  Therefore, it appears that the 

capabili ty Qf the system t o   c o n t r o l  a production rate of 0.034 grams/- is 

satisfactory.  
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MODEL SYS!l!EN TEST 

The long-term Model System Test conducted on a l/lOth  scale model of 

the system was performed f o r  a period  of 240 days,  beginning on November 

LL, 1970 and.ending on July 9, 1971. This section  presents the objectives, 
appsratus, and procedures used, the results obtained, and a discussion of 

the results. 

Objective 
The primary objective of this test e f for t  was  to  detemine  the  character-  

i s t i c s  of the  integrated system and t o  establish the   va l id i ty  of the  design 

methodology. 

Apparatus 

The t e s t  apparatus i s  presented  schematically i n  Figure 31 and is illus- 

tra ted  

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

i n  Figures 32 and 33. Listed  belm are the major items used i n  the   t es t .  

Cylinders f o r  gaseous  cantaminant  supply 

Pressure gauge, regulator and diaphragm pump t o  measure and control 
system  pressure 

In l e t  and ex i t  sampling septa for  obtaining  gas samples at the inlet 
and out le t  of various components 

Catalytic  oxidizer  containing 57 cc of 1/2$ pd. catalyst  
Preheater  for heating gasses  entering the catalyst  bed 

Furnace and temperature cont ro l le r   to   cont ro l   ca ta lys t  bed t e m p e r a t u r e  
A i r  cooled heat exchanger f o r  cooling exit   gas from catalyst  bed 

Diaphragm pumps t o  maintain  gas  circulation  through the system components 
Wet t e s t  meter t o  determine system outflat  (leakage) 

F&M gas chromatographs m o d e l  720, 1609, 810, 700A and 7WB equipped with 
flame ionization  electron  capture and thermal  conductivity  detectors 
Beckman gas chromatograph model GC 4 with  microthermal  conductivity and 
helium ionization  detectors 

Perkin Elmer infrared spectrophotometer Model 521 w i t h  10 meter c e l l  

Per- Elmer Model X)2 Spectrophotometer for  colorimetric  analysis 
Cambridge Instruments dew point hygrometer 

Water humidifier f o r  humidity control 

R-e-sorbent  and  post-sorbent beds containing 6 x 8 mesh Foote Mineral 
Co. environmental  grade lithium hydroxide 

76 



j - 1  

RECORDER 

- FLOW x FIXED I - METER  BED I 

CONTAMINANT 
SUPPLY 

t CABIN 

REG 

4 z L M  

0 8D.P.  

VALVES  TYP 

""1 I I 

MOTORIZED 
SYRINGES P- 

Figure 31 Model System Test A p w t u a  Schematic 



Figure 32 Model System Test Apparatus 
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Figure 33 Ilew Point and Oxygen  Partial 
Pressure Monitoring Equipnent 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

'Maphra#a plmp, flavlPeter  and v e x  gas-bubblers  for  colorimetric 
lulalyais 

Motorized syringe and heater  for  introducing  liquid  contamhants 
into the system 
Beclaaan oxygen analyzer Model F-3 for monitoring and controlling 
system oxygen partbl pressure 
CVC vacuum system with 4" diffu8iOnJ Welsh Model 1397, roughing pump 
and liquid  nitrogen baffle t o  simuLste space vacuum conditions 
Liquid  -nitrogen and autamatic  level  control  to  provide l iquid nitrogen 
to   t he  vacuum system 
Regeneretive  eorbent bed with 0.5 lbs. of Barnebey Cheney BD charcoal 
with heater and temperature controller 
Vacuum valves to   con t ro l  flw through the regenerative bed 

Timer to  control the regenerative bed cycle  time 
Fixed sorbent bed containing 3.2 Ibs. of 4 x 6 mesh. Barnebey Cheney 
charcoal Impregnated with  2  millimoles of phosphoric  acid per gram of 
charcoal. 
Hastings mass flw meters, Model LF ZOIC, t o  measure the  gas flav ra tes  
through  the fixed bed and regenerative bed 

Flar meters and manometers t o  llyjssure the  introduction  rates of gaseous 
contaminants 
Temperature recorder t~ monitor system temperatures. 

Procedure 

The long-term madel system test was conducted on a 1/10 scale model o f  

the  selected system. The system was operated in  a closed loop manner i n  which 

the   i n l e t  and out le t  of t h e   c o n t a m l t  removal components w e r e  connected t o  a 

simuleted  cabin. 

Gas was circulated thzough the components of 1/10 the  design  rate, 0.3 
cf'm for  the catalytic  oxidizer  regenerative bed and 7.6 for the  fixed bed. 

The system t o t a l  p ~ ~ s s m  w a s  maintained at Lo psia and the oxygen partial pressure 

was maintained at 3 .I psis. The system  dewpoint was kept at approximately 50°F. 
The catalytic  oxidizer was operated at a space velocity of 21,000 hr'l with an 
average catalyst  bed'temperature of 680OF. The regenerative  sorbent bed was 
operated on both 24 and 48 hr. cycle  times  with 2 and 3  hour desorption  times. 
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The input parer t o  the heater w a s  such that the regenerative bed would reach 
a =OF bed temperature by the end of the desorption  cycle. The desorption 
vacuum was approximately 5 x nxn Eg by the end of the desorption  cycle. The 
contaminants  introduced in to  the system  and the  analytical  techniques are 
described  in the fol lwing  sect ions.  

Selection of Contaminants t o  be Used in the Model Test 

In selecting contaminants t o  be used in the evaluation of the model system, 
consideration w a s  given t o  introducing  contaminants in to  the system that stressed 
a l l  of the system  elements, e.g., fixed charcoal bed, regenerative  charcoal bed, 
and catalytic  oxidizer.  The selection w a s  based on having a number of contami- 
nants  for each  device ranging frm contaminants easily cont ro l led   to  contaminants 
that represented the design limit. Consideration was a l so  given t o  ease of 
contaminant introduction as well as the a b i l i t y   t o  analyze f o r  the individual 
contaminants a t  the relat ively lar levels that were anticipated. The selected 
cont&llinants, test introduction rates, anticipated  cabin  concentration, and 
maximum allarable concentrations are presented in Table 10. The period of intro- 
duction f o r  the various  contaminants and the periods of operation  for the system 
components is sham  in  Figure 34. 
Fixed  Sorbent Bed 

The contaminants used to   evaluate  the fixed  sorbent bed w e r e  ammonia, s u l f u r  

dioxide, Freon 114, and n-propyl  alcohol.  Amonia was  selected  to  establish the 

effectiveness of the phosphoric acid impregnation on the fixed bed charcoal. Sul- 
fur dioxide w a s  included t o   v e r i f y  that the  moisture  in the fixed bed charcoal 
would effectively  control the acid  gasses. Both Freon 114 and n-propyl alcohol 
were selected as contaminants t o  be removed  by adsorption. Freon 114 represented 
a catalyst  poison that was t o  be removed  by the fixed bed and n-propyl alcohol 
was used t o  m o d e l  pyrwic  acid.  

Analytical problems in analyzing for  pymvic  acid resulted in a search  for 
a subst i tute  compound f o r  test purposes. A prime c r i t e r i a   f o r  the selection of 
the new material was that it have properties as similar as possible t o   t h e  m i c  
acid. In  d2termining the adsorption character is t ics  of a compound  upon activated 
charcoal, two parameters are of particular importance.  These are the solubi l i ty  

and the A value. A search of the contaminant list w a s  made t o  define a 
material similar in properties which could be easily analyzed. The search was 
res t r ic ted   to   so luble  materials t o  simulate the ~ ~ u n e  capacity  curve on 
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TABU 10 
CONTAMINANTS USED IN THE MODEL SYSTEM TEST 

Nominal Anticipated AllowEble 
Removal Prod. Rate Concent ation Concentrzkion 
Device Contaminant (p;m/day) M@;/M s 1.k /r.13 

Fixed Bed 

Regenerative k d  

Catalytic  Oxidizer 

Ammonia 

Sulfur Dioxide 

F l l 4  
n-Propyl Alcohol* 

V i n y l  Chloride 

F3.2 

Fll 
Acetone 

Methane 

Carbon  Monoxide 

Acetylene 
Ethylene 

Ethane 

0 0325 
o .0025 

o .025 

0.250 

o .025 

o .025 

o .o 25 
0 .LO2 

0.6Ow 

0.045- 

o .025 
o .025 

0.025 

17.5 
.OC 

7000. 

9 0 9 0  

130. 
5000. 

5m. 
720 

1720. 

17 
6400. 
180. 

180. 

* Used t o  model pyruvic  acid. 
* Should be 0.995 f o r  the nominal case 

wi+ Should be 0.065 for the nominal  case. 
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MODEL SYSTEM TEST - CONTAMINANT  INTRODUCllON 

1 ELAPSED TIME (DAYS) 

0 50 la,  I50 m 240 
1 

CONTAMINANTS 1 I I I I  I I I I  I I I I  I I I I  

CO.  CH4,  C2H2.  C2Hqt  C2H6 

5 0 2  
- 

V l N R  CHLORIDE, F-11, F12, ACETONE " - 
NH3, F114 rn - " 

N-PROPYL ALCOHOL 

COMPONENTS 

CATALYST BED I" 

FIXED BED I 

REGENERABLE BED 

Figure 34 Model  System  Test  Contaminant Introduction 



the potent ia l   p lot .  In  modeling A value, we observe that: 
I c; 

A=-”- 1% - S 

‘m ci 

O f  the  terns, only C s ’ a n d  Vm relate d i rec t ly   to   the   p roper t ies  of the contami- 

nant. Thus, the  value of (log CJ/Vm for  candidate materials was calculated. 

This  calculation showed that n-propyl alcohol most closely simulates pyruvic 

acid. As there are no analyt ical  problems associated w i t h  t h i s  material, it 
was selected as a substi tute.  I n  order t o  simulate A value,  n-propyl  alcohol 
was introduced at the same rate as pyruvic  acid. 

The selection of Freon 114 was based upon the   des i rab i l i ty  of selecting a 

Illaterial which is  marginally  adsorbed by the fixed bed. Freon 114 w a s  selected 
on the basis of ease of analysis and fo r   t he   f ac t   t ha t  it requires a major  por- 

t i on  of the  fixed  charcoal bed for  adsorption.  Further, i t s  control   in   intro-  
duction is simplified by i ts  being a gas. Freon 114 is an insoluble contami- 

nant that w i l l  be  blocked by water. 

Regenerative Bed 

The contauinants  selected  for  evaluation of the regenerative bed were 
acetone,  Freon 11, Freon 12, and vinyl  chloride. Three of these contaminants 
are known catalyst  poisons. Vinyl chloride and Freon 12 were  used in  the 

evaluations of the  isotope  heated  catalytic  oxidizer tested during NAS 1-7433. 

Both of these  contaminants  demonstrated that they would poison the catalyst  

i f  allwed to  enter   in   appreciable   quant i t ies .  

V i n y l  chloride is a t  the  design  point of the bed i n  terms of breakthrough. 

As can be seen from Table 7, vinyl  chloride  requires  the fu l l  684 grams/day. 

Freon 12 should be removed i n  the  previous  slice, which is  approximately the 
mid-pint of the bed. Freon 11 and acetone  should be  removed in  the  10th 

s l ice ,   or  about 12 per cent of the way through the bed. 

Catalytic Oxid= 

The contaminants selected  to   evaluate   the  catawic  oxidizer  were the 
same cornpetjag hydrocarbons  used t o  evaluate the catalytic  oxidizer in the 

previous l&-day tests of t h i s  component. These were methane, carbon monoxide, 
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acetylene,  ethylene, and ethane. Methane establishes the required  operating 
temperature for  the  catalytic  oxidizer,  and carbon monoxide establishes  the 
required flcw at  the maximum production  rate. The production rates presented 
in  Table 9 represent the nominal case. The production Pate shown f o r  carbon 
monoxide and methane is about 70% of the  desired  value due t o  m i x i n g  errors 
in the contaminant  blend. Houever, the anticipated  cabin  concentration  sham 
i n  Table 10 is based on the actual.  production rate, and hence, bed performance 
can be based on this concentration. 

Chemical Analysis Techniques 

Carbon  monoxide levels  were monitored by gas chromatography using 
Beckmu GC-4 equipped with a helium ionization  detector and a modified 

Model 1609 equipped w i t h  a catalytic  converter  ( to reduce  carbon monox 

both a 
F&M 

i d e   t o  
methane) located ahead of a flame ionization  detector.  Ethylene,  acetylene, 
ethane, and methane were analyzed by gas  chromatographic temperate programmhg 
techniques. A 13X and 10s 5A molecular  sieve 30/60 mesh mix w a s  used for 
separating  the components on a 10 f t .  x 1/8 inch O.D. s ta in less   s tee l  column. 
Temperature programming conditions were at 10°C/minute and from llOo t o  220OC. 

The Freons 11, 12, and 114 were monitored by using an F&M Model 810 gas 
chromatograph equipped with an electron  capture  detector. A 30 f t .  x 1/8 in. 
O.D. s ta inless  steel column packed w i t h  204 SE-30 on 60/& chromosorb W was  
used for  separating  the components from the samples taken. Oven temperature 
w a s  maintained at 22OC. Vinyl chloride was analyzed by using  an F&M Model 700 
flame ionization  detector  gas chromatograph  equipped with a Model 810 electro- 
meter. A 20 f t .  x 1/8 in.  O.D. stainless s t e e l  column packed w i t h  30s equal 
m i x t u r e  of di-2-ethyl  hexyl  sebacate and bia-2-(2-methoxyet~-l) adipate on 
60/80 chromosorb W operated at 50°C oven temperature w a s  used for  separating 
the  vinyl  chloride from the  other components i n  the samples. 

Both acetone and n-propyl  alcohol  were  analyzed by using  another F&M Model 
700 fLame ionization  detector  gas chromatograph  equipped with a Model 810 electro- 
meter. A 6 ft. x 1/8 in. O.D. stainless steel column packed with 205 Hallcomid 
M on 60/80 mesh chromosorb W operated at 65OC men temperature was  used f o r ,  



resolving  these  contaminants from  each other and the  other  consti tuents 

present in the samples. 

Samples were obtained from each of the  various sampling locations in 

the system with  evacuated 500 cc  bot t les   or   di rect ly   with two or  more 
5 cc  gas  tight syringe samples  equipped with 7.6 cm length needles.  Quanti- 
f ica t ion  was accomplished by calibrating  the  gas chromatographs by d i rec t  

injection  techniques.  Direct comparisons of peak area (height x width at 

half-height  integration method) o r  peak height of samples with standard 
samples at the approximate  concentration  levels were made. Standard  curves 

relating peak area or  height  versus  detector  response were plotted. 

The colorimetric analysis technique used f o r  measuring SO2 is described 
by Lyshkw  (Ref. 6 ) .  This method was follaved Over the previous method des- 

cribed by Jacobs (Ref. 7) f o r  eliminating  the  highly poisonous tetrachloro- 
mercurate  absorbing  solution. A hydrochloride and bleached  solution  containing 

paramsanile was used as the absorbing and developing  reagent.  Standardiza- 

t i on  was performed against knm sodium bisulfite concentration  levels. 
Absorption readings were made at 560 m , 20 CC. Samples were collected by 

a bubbler system consisting of three 100 cc volume pyrex glass impingers 

arranged in series and connected by minimal lengths of c lear  tygon  tubing. 
The first and th i rd  impingers w e r e  protect ive  t raps   for   the middle impinger 

containing  the  absorbing  reagent. The impinger was f i l l ed  with 20 cc  absorbing 
reagent and the  system  atmosphere w a s  passed  through the  absorbing retigent a t  
approximately 100 cc  per minute. Sampling time varied, depending upon the 

concentration and contaminant being analyzed. A w e t  test-meter was used t o  

measure total volume  consumed. A Perkin-Elmer Model 202 ult raviolet-vis ible  

spectrophotometer  equipped with 5 cm path c e l l s  (20 cc volume) were used f o r  
determining the  concentration  levels.  Conventional  calibration  techniques 

w e r e  used to  obtain  quantified data. 

Anmonia analysis was performed by using  the  colorimetric  technique 
described in previous studies (Ref. 8) 0.IN sulfur ic   acid vas used as the 

absorbing  reagent and a combination alkaline phenol and hypochlorite was 
used as the  dye reagent. Amnonium sulfate was used for  standardization. 
Measurements w e r e  made at 610 m . 



Nitrous  oxide samples were obtained from the sampling points  in  the 
system by drawing the  enclosed atmosphere slavly in to  an evacuated l0-meter 
path  folded  infrared  cell.  After  equilibrium between the   ce l l  and system 
pressure had been  reached, infrared scans were  made i n  the 2400-ZlOO cm'l 
region. Nitrous oxide  concentrations were determined by standard methods. 
Sample absorption readings were campared against   calibration curves  obtained 
on knm nitrous oxide levels.  

The system dew point data is presented in Figure 35.  Methane, carbon 
monoxide, acetylene,  ethylene, and ethane inlet  concentration and catalyt ic  
oxidizer removal efficiency data are presented in Figures 36, 37, 38, 39, and 
40. Acetone, Freon ll, Freon 12 and vinyl  chloride inlet concentration and 
regenerative bed removal efficiency data are presented i n  Figures 41, 42, 43, 
and 44. 

Ammonia, sulfur dioxide,  n-propyl  alcohol and Freon ll.4 concentration 
and f k e d  bed removal efficiency data are presented in Figures 45, 46, 47, 
and 48. Figure 48 also  presents  the  regenerative bed removal efficiency  for 
Freon 114. Freon 11, Freon 12, Freon l l 4  and vinyl  chloride  catalytic 
oxidizer  inlet  concentration data are presented i n  Figure 49. Nitrous  oxide 
catalytic  oxidizer  effluent  concentration data are  presented in  Figure 50. 
Freon I 2  regenerative bed effluent  concentration data are presented in Figure 
51. Sulfur dioxide,  catalytic  oxidizer  inlet  concentration data are  pre- 
sented i n  Figure 52. 

Discussion 

During the long-term test   invest igat ions were conducted relat ive t o  the 
performance of the  catalytic  oxidizer,  regenerative bed and fixed bed. The 
follming  sections  discuss  the results of the  tes ts   per t inent   to   these  invest i -  
gations. 

Catalytic  Oxidizer 
The catalytic  oxidizer  operated  satisfactorily  for  the first 75 days of 

the test  at which time methane removal eff ic iency  s tar ted  to  decay. The methane 
remwal efficiency dropped t o  zero on the  79th  through 82nd day of the test, Ref. 
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Figure 37 Carbon  Monoxide  Performance 
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Figure 38 Acetylene Performence 



Figure 39 Ethylene Performance 



Figure 40 Ethane Performance 



Figure 41 Acetone  Performance 



Figure 42 Freon U Perf‘ormence 



Figure 43 Freon I 2  Perfonnance 
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Figure 4.4 V i n y l  Chloride Performaace 



Figure 45 Ammonia Performance 
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Figure 47 N-Propyl Alcohol Performance 



Figure 48 Reon 114 Perfonnance 
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Figure 36. The efficiency  recovered for a brief period and then  returned 
t o  zero  betveen  the lOlst and 108th day. On the  108th day of the test , 
the   catalyst  w a s  changed and the   t e s t  was continued  through 193 days w i t h  

the  catalytic  oxidizer working successfully. The remmal efficiency of the 

other hydrocarbons (acetylene , ethane and ethylene) and carbon monoxide re- 

mained at a set isfactory  level  throughout the test, Ref. Figures 37 , 38, 39, 
and 4.0. 

It w a s  originalJy  suspected that the catalyst  poisoning f o r  methane was 
caused by a fa i lure  of the  lithium  hydroxide bed t o  adequately  control  the 
leve l  of sulfur dioxide  entering  the  catalyst bed. Sulfur dioxide w a s  ob- 

served t o  be entering  the  catalytic  oxidizer a t  very 1- concentrations 

( - 0.03 Mg/M3) between the  56th and 87th day of t h e   t e s t  , Ref. Figure 52. 
This conclusion was based on the   fac t  that the dew point of the  gas  entering 
the  lithium  hydroxide  presorbent w a s  reduced approximately 13OF due t o   t h e  

moisture removed  by the  regenerative  charcoal bed. I n  an attempt to   cor rec t  
th i s   s i tua t ion ,   the  lithium hydroxide canister was relocated t o  a position 

upstream of the regenerative  charcoal bed, where the  g a s  moistm  content  would 
be  higher.  This change w a s  made at the same time  the  catalyst was replaced. 
Subsequent observations  indicated  that s u l f u r  dioxide w a s  s t i l l  entering  the 
catalytic  oxidizer even after relocation of the  lithium hydroxide. The in l e t  

concentration  of sulfur dioxide t o  the catalytic  oxidizer was s t i l l  quite lcw 
as in  the  previous  exposure. S u l f u r  dioxide was observed  entering  the  catalytic 
oxidizer between the 127th and 165th day of the   t es t .  During this period of 
exposure, no catalyst  poisoning  occurred.  &ever, this f ac t  w a s  not  recognized 

f o r  some time. The recovery of the  catalytic  oxidizer performance a f t e r  its 

replacement was not detected immediately  because at the  time  the  catalyst was 
replaced, a change w a s  made in the  gas sampling technique which resulted i n  
erroneously  high contaminant concentrations at the  catalytic  oxidizer  exit .  

This gas sampling error  was caused by the  use of  500 cc  evacuated flasks in 

l i e u  of the previously  used tight  syringe. The evacuated flask w a s  used at 
this   poiat   to   increase  the  sensi t ivi ty  of the  analysis by obtaining a larger  
sample. The larger sample,  havever,  caused gas t o  be drawn in to   the  f l a sk  

not  only from the  catalytic  oxidizer  effluent  but also from the  fixed  sorbent 
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bed exit. This w a s  due t o   t h e   c l o s e  proximity and s m s l l  volume of gas 

between these two points. This type of  sampling e r ror  did not occur a t  
other points in the system. mixing gas from the fixed sorbent bed exit 
w i t h  the catalytic  oxidizer  exit ,  a higher catalytic  .oxidizer exit concentra- 
t i on  reading w a s  obtained,  resulting in apparent  reduced removal efficiencies.  
Since this e r ro r  occurred at the  same time as a catalyst replacement, it w a s  
i n i t i a l l y  assumed that the new catalyst  was also poisoned. The cause of this 

problem did not become apparent u n t i l  the 188th day, at which time the analyses 
w e r e  taken  with the small volume gas tight syringes. During the period from 
the time the catalyst  w a s  replaced  unti l  the sampling emor  was discmered, a 
number of different  attempts were made t o  determine t h e  cause  of the assumed 
catalyst poisoning. These attempts included  turning  various  contaminants 
on and off ,  adding  sorbent beds upstream of the catalyst ,  and by-psssing the 
regenerative bed. The degree of mixing brought  about by the use of the 500 cc 
evacuated flasks w a s  established, Ref. Appendix C, and then  used to   co r rec t  
the removal efficiency data between the period after the catalyst  w a s  replaced 
and day 189. The catalytic  oxidizer w a s  operated for  another week t o  confirm 
the removal efficiency data. 

When it was recognized that the catalyst  performance w a s  satisfactory 
fo l lming  the catalyst  replacement that took  place on the 108th day, it a lso  
became apparent that s u l f u r  dioxide  could  not be the cause of the catalyst  
poisoning.  Additional  investigation  revealed that the two periods of catalyst  
poisoning  coincided with periods  of high Freon 12 and vinyl  chloride inlet 
concentrations, R e f .  Figure 49. The reason that it was not i n i t i a l l y  recognized 
that Freon and vinyl  chloride were the cause of the catalyst  poisoning w a s  that 
i n  both  instances, when the methane conversion  efficiency dropped t o  zero, it 
remained a t  zero f o r  a period of time a f t e r  the F’reon and vinyl  chloride con- 
centrations had dropped. This several day lag had not been previously  noted. 

A s  can be seen in Figure 50, on test  day 127, nitrous oxide w a s  observed 
i n  the system. The nitrous  oxide  concentration  continued t o  rise fram this 

point on. A phosphoric acid impregnated charcoal bed was  placed  upstream of 
the catdLytic  oxidizer on day 154 t o  ensure that no ammonia would enter the 

catalytic  oxidizer.  It w a s  reasoned that oxidation  of ammonia appeared t o  
be the most logical  source f o r  the nitrous oxide even  though previous t e s t s  



had indicated no oxidation of amonia w i t h  t h i s  catalyst. The ni t rous 
oxide  concentration i n  the system  decayed immediately after the phosphoric 

acid bed was placed at the  catalyt ic   oxidizer   inlet ,  confirming that oxida- 

t i o n  of ammonia was probably the  problem. The reason that previous tests 
wi th   th i s   ca ta lys t  did not  reveal any nitrous  oxide  formation w a s  probably 

due t o   t h e   f a c t  that they were open loop tests. In  these previous tests, 
no measurable change in  ammonia concentration  occurred  across  the  catalyst 

bed. If, however, a slight  oxidation of ammonia occurred and the system 

was closed as t h i s  system w a s ,  then the product of oxidation would bui ld  up 
in  concentration. This is w h a t  occurred in  t h i s  t e s t ,  and  by the 127th day 

a measurable  concentration of nitrous oxide w a s  reached. No additional 

nitrous oxide was observed a f t e r   t he  phosphoric acid impregnated charcoal 
was placed at the catalyt ic   oxidizer   inlet .  

Regenerative Bed 
The regenerative bed was operated f o r  193 days. During t h i s  period of 

time there were only two changes i n  the  operating  parameters. The first of 
these changes was on the 60th day when the  desorption time was increased from 
2 t o  3 hours. This was done because the bed temperature at the end of the 

desorption  cycle had dropped b e l w  2oo°F due t o  a planned increase in  system 
dewpoint and  hence an increased charcoal moisture load. Therefore,  additional 
time was provided t o  heat the bed t o  the desired temperature. 

The removal efficiency  for  acetone and Freon 11 remained at lOO$ through- 

out   the  tes t  with the  exception of  one or two occasions where partial break- 
through  occurred, Ref. Figures 41 and 42. Vinyl chloride and Freon I 2  break- 

through was s l s o  noted  occasionally  near  the end of the regenerative bed cycle, 

Ref. Figures 43 and 44. Since  the sampling period was random, causing samples 

t o  be taken at the beginning of a new bed cycle and some samples to be taken 
near  the end of the cycle, it was decided t o  make a careful survey of the 

regenerative bed outlet  concentration as a function of tims. 
The resu l t s  of this  analysis,  presented  in  Figure 51, which w a s  conducted 

on the day 141  indicated that the  outlet  concentration from the bed remains 
a t  less  than 596 of the inlet concentration fo r   t he  first 24 hours of the  cycle. 

After this,  the  outlet  concentration  rises  rapidly wi th  complete  breakthrough 

occurring after 48 hours. Based on these data, it appeared that better protection 
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of the   catalyst  could be obtained by changing the  cycle time t o  every 24 
hours.  This change was made on the 141st day, and no contaminant  breakthrough 
was subsequently  observed. 

Fixed Bed 
The fixed bed was operated f o r  240 days. N-propyl alcohol which was 

used t o  model pyruvic  acid  in  the model system test was removed  by the  fixed 
bed at a lOO$ removal efficiency  unti l   the  85th day of the test, Reference 
Figure 47. A t ,  that time, the removal efficiency decayed t o  about  25s and the 
system concentration  rose t o  a value somewhere between 1 and 4 Mg/M , w h e r e  
it remained u n t i l  about test day 200. After t e s t  day 200, the concentration 

of n-propyl alcohol  increased  again,  reaching a value of 10.0 Mg/M3 on test 
day 219. It continued at about t h i s   l e v e l   u n t i l   t e s t  day 227. A t  t h i s  point 
i n  the test, it w a s  decided t o  reduce the flow rate through the main sorbent 
bed to   es tab l i sh   the   e f fec t  on the removal efficiency and removal ra te  of  n- 
propyl  alcohol. 

3 

It w a s  suggested that t h e   i n i t i a l  determination in  adsorption zone length 
fo r  the fixed bed w a s  in   e r ror  and a modification w a s  made i n  the system flcw 

rate t o  attempt t o   v e r i f y  this conclusion.  Since the adsorption zone length 
is a function of veloci ty ,   var ia t ions  in  system flow ra te  would alter the 

bed velocity and hence the  adsorption zone length. The fixed bed design is  
based on an adsorption zone length of 1.0 inch and a saturated  layer 7.0 
inches in  length, and hence the predominant portion of the bed (%$) is de- 

voted to  the  saturated  layer.  It w a s  reasoned that if these  lengths were 
correct,  then a significant  decrease in the adsorption zone length,  brought 
about by a decrease in velocity, would probably  not  cause a major change in  
performance of this  point  in time. On t e s t  day 227, the flw rate through 
the fixed bed was decreased by a factor  of 4. The result of t h i s  change w a s  

approximately a two-fold  increase in removal rate  indicating that a significant 
portion of the bed mwt be  devoted t o  the adsorption zone. These results, 
though ent i re ly   qual i ta t ive in nature, were conclusive enough t o  prompt 
additional  analytical   investigation l n t o  the   possibi l i ty  that the  adsorption 
zone length was in error.  ‘Ibese investigations  resulted in a quantitative 
confirmation  of t h i s  f ac t  and are discussed i n  detail . i n  a subsequent section. 



Breakthrough of Freon 114 through the  f ixed bed w a s  a l so  premature 
indicating that the  init ial   capacity  or  adsorption  length,  data for in- 
soluble  contaminants was i n  error .  This, hawever, bad no impact on the 

system configuration  since none of the  insoluble  contaminants  require more 

than 3 CFM for   control  and thus adequate removal is provided by the regenera- 
t i v e  bed as was the case for Freon 114 during this test. The regenerable 

bed removal eff ic iency  for  -on 114 was lOO$ throughout  the test. 
S u l f u r  dioxide w a s  control led  sat isfactor i ly  throughout the test. The 

data on removal efficiency per psss was er ra t ic ,  as can be seen in Figure 
46. However, the average system sulfur dioxide  concentration remained i n  

the neighborhood of 0.025 Mg/M and did not shm an increasing  or  decreasing 

trend.  This  concentration is equivalent t o  a removal efficiency per pass 
of approximately Is$. Sulfur dioxide  input t o  the system was terminated 
on the 193rd day of the test. 

3 

Amonla removal by the  f ixed bed w a s  satisfactory  during the first 

75 days of the test, Ref .  Figure 45. bring the  period between the 75th 
and 105th day, the  removal efficiency dropped and the system concentration 
rose t o  12 .O Mg/M3. A t  t h i s  time, the ammonia was  turned  off  for a few days 
while problems with the catalyst  were being  investigated. When  ammonia intro- 

duction was resumed, the system  concentration  varied between 1.5 and 4.0 Mg/k 3 

for   the remainder  of the test. The removal efficiency data was er ra t ic ;  hav- 
ever, the system  concentration did not show an  increasing  or  decreasing  trend. 

The removal eff ic iencies  corresponding t o   t h e  system  concentrations of 1.5 and 

4.0 Mg/M3 m e  80 and 30$. These eff ic iencies   are  more than adequate f o r  ammonia 
removal. The allmable concentration f o r  ammonia is 17.5 Mg/M . Thus, it 
c m  be concluded that the selected quantity of phosphoric acid impregnation 

of the  charcoal  provides adequate ammonia remaVal. 

3 
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MODIFICATIONS TO THE DESIGN  PROCEDURE 

I n  reviewing the data of the m o d e l  system test, it appears that the 
proposed design methodology requires  modification t o  account f o r   t h e  
required  increase  in the regenerative bed cycle time and the premature 
breakthrough of Freon U. and n-propyl  alcohol in  the fixed bed. The test 
results w e r e  reviewed and it w a s  subsequently  concluded t h a t  a single 
modification t o   t h e  procedure  could correlate a l l  of the  experimental 
observations. 

The first s tep  in   this   invest igat ion was t o  determine if the performance 
var ia t ion w a s  related t o  the adsorption zone or  the  saturated  layer. The 
saturated  layer  portion of the charcoal bed was considered i n i t i a l l y   i n   t h e  
event that the  potential   plot   capacity data could have been in  error.  Hw- 
ever, an examination of the  potential  plot  revealed that no reasonable shift 

in  t h e  potent ia l   p lot   l ine  could  explain  the  discrepancies observed in   the 
test. Furthermore, the  potential   plot  data have been confirmed by  numerous 

experimental  investigations and hence, is  not   l ike ly   to  be i n  e r ror  by a 

significant amount. 

An examination w a s  then made of the data and procedure used t o  establish 

the adsorption zone length and the  follming  conclusions were reached. As 
discussed  previously,  the  adsorption zone length  (I)  defined by I. M. Klotz, 
can be expressed as: 

1 = 1  + I  t r  
Where It is a function of the  diffusion rate of adsorption  molecules from the 
gas stream t o  the  carbon surface and Ir i s  a function of processes  occurring 
within the pores  of the carbon.  Klotz fur ther  stated that for  high molecule 
weight vapors I = It with little contribution from Ir while  for  l ighter mole- 
cules, it is small r e l a t i v e   t o  I . Since it varies  as V o m 4  (where U equals 

velocity), ana 1, varies  as , then the adsorption zone varies somewhere 
between @ 0 4  and U1*O. The experimental data taken by MSAR on adsorption zone 
length w a s  taken at a l inear   veloci ty  of 1.3 ft/min and the  selected  designs 
uti l ized  different  velocit ies,   therefore,   the data on adsoqstion zone length 
had t o  be corrected. A velocity  correlation of @05 w a s  util ized,  since th i s  

best f i t s  MSAFi experimental  evidence t o  date. 

&.Or 
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Examination  of the  long-term test resul ts ,  hcwever, reveals that a 
different  exponent wou ld  have provided a better  correlation. 

In reviewing the data for the  regenerative bed, Table 11, it can  be 

seen  that  the  saturated layer w a s  approximately 5 6  of what was originally 

anticipated,  since  the  cycle  time had t o  be increased frm 48 hours to 
24 hours. 

Table 11 
Zone Lengths for  the  Regenerative 
Bed Based on Freon 12 Performance 

&!z!f@ Anticipated  Actual* 

Saturated Layer 

Adsorption Zone 

Total  

8.5 inches 

1.5 inches 

10.0 inches 

4.25 inches 

5.75 inches 

10.0 inches 

*&sed on full s ize  bed. 

This meant that the adsorption  mne was 5.75 inches  instead of the origin- 
ally anticipated 1.5 inches. Based on this data, a velocity  correlation 

of U1.O provides  close agreement with the original  MSAR adsorpt;ion zone 
length data. 

Reviewing the fixed bed data in Figure 47, it can be seen that n-propyl 
alcohol  broke  through  after 35 days o f  n-propyl  alcohol  introduction at 
which time the removal efficiency remained near 25$ gradually diminishing. 

This indicates that the saturated layer was only 1.36 inches in  length as 
opposed to   the  or iginal ly   ant ic ipated 7.0 inches. A s  can be seen  in Table 

12, t h i s  results in an adsorption zone length of 6.64 inches.  Utilizing 
this adsorption zone length and re fer r ing   to   the  MSAR adsorption zone 
length data, a velocity  correlation  factor of was confirmed. 

Saturated Layer 

Adsorption Zone 
Total 

Table 1 2  
Zone Lengths for   the Fixed Bed Based 

On N-propyl Alcohol  Performance 
Corrected f o r  

Anticipated  Actual  Final Design - 
7.0 inches 1.36 inches 7.0 inches 

1 .o 6.64 6.64 " 

8 .O 8.0 'I 13.64 
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Consideration  of  the Freon 114 data  indicates  the  following: Freon 114 
breakthrough  occurred  almost inrmediately, as can  be  seen in  Figure 48, indica- 
t ing  that the   en t i re  bed w a s  required  for  the  adsorption zone. u t i l i z ing  a 

velocity  correlation  factor of l3l .O and the  MSAR adsorption zone data, an 
adsorption zone length of 9.0 inches f o r  Freon 114 w a s  obtained which is i n  
excess of the 8.0 inch bed length and confirms the i n i t i a l  breakthrough of 
Freon 114. 

Thus it can be concluded,  based on the  regenerative bed and fixed bed 

test  resu l t s  that the  design  procedure  should be modified t o   u t i l i z e  a 
velocity  correlation  factor of daO i n  determining  adsorption zone lengths. 
This is a general  agreenent  with  the  theory of Klotz who postulated that 
for   l igh ter  w e i g h t  molecules, the  adsorption zone length is predominantly 
controlled by Ir which is a function of paver. The  Fmpact of t h i s  
change on the system design would be a modification  in  the  cycle time of 
the  regenerative bed from 48 hours t o  24 hours as stated  previously, and 
a modification in the  length of the fixed bed. The details of the  fixed 
bed modification are presented in  Table 11. Since the required saturated 
layer of the  f ixed bed is  7.0 inches in length and the  experimental data 
indicated that the  adsorption zone length is 6.64 inches i n  length, t he   t o t a l  
bed length is  then 13.64 inches. No additional  modifications need t o  be 
made to   the  f ixed bed t o  account for  the  increased adsorption zone length 
fo r  Freon l l4   s ince   the  13.64 inch t o t a l  length would provide Over 4 inches 
of saturated l aye r   fo r   t h i s  contaminant which is more than  adequate. 

The long term test results indicated a need to   cont ro l  the level  of 
amonia  entering  the  catalytic  axidizer.   This w a s  due t o  the observed forma- 
t ion  of nitrous oxide when  ammonia w a s  a l laved  to   enter  the catalytic  oxidi- 
zer. Eliminating ammonia from the catalytic  oxidizer  inlet   during  the test 
stopped the formation of ammonia. 

In  the  selected system, the high flaw (76 CIM) fixed bed and the law flw 
( 3  CW) components are i n  parallel paths.  This was done t o  provide greater 
f l ex ib i l i t y   i n  system  arrangement and to eliminate the need t o  pass the  high 
flaw ra t e  through a pressure drop equivalent t o  that of the lav flav components 
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which would be required in a series arrangement. In the parallel arrange- 
ment, the  regenerative  charcoal bed does not have the  protection of the 
fixed  sorbent bed and thus, the s ize  of the  regenerative bed was increased 

t o  accommodate contaminants not amenable t o  desorption that would be 

controlled by the  f ixed bed in a series arrangement. 

The quantity  of  charcoal  required  for  this is  approximately 1 pound. 

This same quantity of charcoal impregnated with phosphoric acid t o  the same 
l eve l  as the  fixed bed (2 millimoles  of  phosphoric  acid per gram of charcoal) 

would provide adequate protect ion  for  ammonia entering  the  catalytic  oxidizer. 
Thus, it is ret-nded that in the   f i na l  design that the first I# or  a$ 
of the regenerative  charcoal bed be impregnated with  phosphoric  acid. MSAR 

experience  indicates that no problem exis t s  in exposing the phosphoric acid 

t o  the regeneration  conditions of temperature and vacuum. 



SYSTEM DESIGN 

The follcnring  sections  describe  the  design  characteristics of the  
catalytic  oxidizer,  the  pre- and post-sorbent  beds, the  f ixed bed and the 
regenerative bed. 

Catalytic  Oxidizer 

The catalytic  oxidizer assembly is s h m  i n  Figure 53. The ca ta ly t ic  
oxidizer i s  14.50 inches  long,  excluding end fittings, and 7.62 inches i n  

diameter. "he weight of the  unit  is  approximately 20.9 lb. The unit  con- 
sists of an outer  shield, molded insulation, and an inner body. "he inner 

body is  made up of a regenerative  heat exchanger, catalyst   canis ter  and 
radio-isotope  heat  source. 

The regenerative  heat exchanger is a 5-pass cross-counter flw, stain- 
less s tee l   p la te  fin heat exchanger. The cold end is bolted t o  one end of the 
cylindrical  aluminum shield. The hot end of the  heat exchanger terminates  in 
a machined flange that mates with the catalyst   canister.  The gas p o r t s  are  
sealed wi th  Parker  metallic  face seals. This  heat exchanger has a very small 

f i n  and parting  sheet  thickness t o  reduce  core  conduction  losses. In addition, 
the f i n  height is very l w  t o  obtain  high heat transfer  coefficients.  "he 
center   f in  passage on the  cold side is 0.146 inches  high which allows f o r  the 

passage of instrumentation  leads  through the heat exchanger. This  eliminates 
the  requirement fo r  high  temperature electrical   penetrations  into the catalyst  
canister.  Sintered  metal  plates are provided at the cold  outlet and hot   in le t  
cone face t o  assure good flw distribution. 

The catalyst   canis ter  is  a cyl indrical   uni t  that contairx  the 0.5 percent 
palladium catalyst  and the radioisotope heat source. The catalyst  i s  easi ly  
replaceable from the end opposite  the  heat exchanger by unbolting  the end of 
the  shield, removing the  insulation  section,  unbolting the end of the catalyst  
canister,  renoving  the  screens and pouring the catalyst  out. New catalyst  
can  then be 2ut in   the   un i t  and the  uni t  reassembled in the reverse  order. 
The catalyst   canis ter  body is furnace-brazed and entirely  constructed of 
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Figure 53 Isotope Heated Catalytic Oxidizer System 



nickel. The radioisotope is  mounted in   the  center  of the  catalyst   canis ter  
where it is  supported by posts  projecting from either end of the  isotope 

source. One post i s  s lo t ted  and held in place  with a key t o  prevent  rota- 
t iona l  movement of the isotope  heat  source. The other  post is cylindrical ,  
and f i t s  in to  a socket  located on the end of the catalyst   canis ter  away from 
the  heat exchanger. Axial movement is limited  with a Belleville  spring 
placed in  this  socket.   This spring also allms f o r  thermal  expansion of the 
isotope.  Straight  fins a= provided on the  isotope  heat  source t o   c o n t r o l  
the maximum isotope heat source  temperature. 

The isotope heat source  consists of the following components: l iner ,  
strength member, cladding,  reentry member, and s t ruc tura l  module.  The 
f ine r  provides a compatible  container  for  the fuel. The strength member 
provides  protection  during impact and contains  the  pressure caused by the 
helium  buildup.  Cladding is provided for  oxidation  protection. A pyrolytic 
graphite shell provides  aerothermal  reentry  protection. The s t ructural  
module which contains  the radial f i n s  provides  oxidation  protection and heat 
transfer  surface area. 

The catalyst   material  i s  located  in  eight compartments located between 
the   f i n s  of the isotope heat source. A perforated steel plate  and screen is  

placed at one end of the catalyst  compartment and a screen is  located a t  the 

other end t o  prevent the catalyst  material from entering  the heat exchanger. 
A machined cover is located at the end of the  catalyst   canis ter  away from 
t h e  heat exchanger t o  provide access t o  the isotope heat source and catalyst  
material. This  flange i s  held in place w i t h  bo l t s  and sealed wi th  a Parker 
metal face seal. 

The en t i r e  area between the mer  body and the shield is f i l l ed  w i t h  

molded insulation (Johns Manville Min-K 1301). The insulation is molded in 
five  pieces;   four  half-cylindrical   sections  to  insulate  the  catalyst   canister 
and the heat exchanger, and one to   insulate   the  catalyst   canis ter   cover .  
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The  alumlnum  outer  shield  separates  at the catalyst  cover  and  canister 
plane to aUou access to the  insulation  and  inner  body of the unit. The 
aluminum  outer  shield is also attached to the  cold  end of the  regenerative 
heat  exchanger. The  shield is painted  white to provide a  high emittance, 
and thus  reduce  its  surface  temperature. 

Fitting  ends on the  cold  end of the  regenerative  heat  exchanger  are 
per MS33666-12, for  tube  connections. An electrical  feed-through is also 
located  at the cold end of the  heat  exchanger  for  instrumentation  leads 
and  for  the  electrical  leads of the  optional  electrically  heated  simulated 
isotope. The  instrumentation  and  electrical  leads pass through  the inlet 
gas passage of the  regenerative  heat  exchanger.  Instrumentation  consists 
of recording  gas  temperatures  at  the  inlet of the catalyst  bed  and  the 
isotope  surface  temperature. 

Pre- and Post-Sorbent  Canisters 

The pre-  and  post-sorbent  canisters  are sham in  Figures 54 and 55. 
The  units are constructed of 321 stainless  steel  and  consist of a  cylindri- 
cal  body with a flange,  housing an "0" ring  seal on one  end  and a 45O cone 
outlet  duct on the  other  end; a  flanged 45' cone  inlet  duct is used for the 
cover.  The  flange on the  cover  mates and is bolted to the  flange  on  the 
body. A 235 mesh  screened ring is located  in  the  outlet  end of the body 

to retain  the  sorbent  in  the  body. A screened  ring  backed  by  a  Compression 
spring is used to compress  the  sorbent  material and keep it fran channeling. 
The  spring  is  compressed  between  the  cover on one  end  and the screened  ring 
and  sorbent material on the,other end. The mated  sealing  flange is used as 

a  mounting ring. 

Fixed  Bed 

The  fixed  bed  assembly  presented in Figure 56 consists of a 14 x 17 inch 
diameter  shell  with 45O conical  ends, a I 2  x I 2  mesh  stainless  steel  screen 
assembly  at  each  end of the  sorbent  bed  and  a  100-pound  spring  acting  against 
one of the  screens to maintain  compression  on  the  sorbent  material.  The 
outlet  end is bolted to the body through  flanges  and a silicone  rubber  gasket, 
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Figure 55 Post-Sorbent  Canister 



G r 

34.0 

17.0 
DIA.  

I 
I 

"ACTIVATED 
CHARCOAL 

" 

Figure 56 Fixed Charcoal Sorbent Bed 



and terminates in a 3.0 inch diameter tubing end. A 4oo-cycle, 115 VAC, 

1-phase blawer is flange-mounted L the  inlet end  and w i l l  deliver 76 scfb 

air at 2.0 inches of water pressure. The sorbent bed is 56 pounds of 4 x 6 
mesh activated  charcoal. Mounting provisions for the assembly are incor- 

porated in the  body flange . 
Regenerative Bed 

The regenerative bed, presented in F i g u r e  57, contains a t h e m  
insulated housing, screens at each end of a sorbent bed, an e l e c t r i c a l  
heater and electrically  operated  valves on i n l e t  and out le t  air flaw and 
vacuum p r t s .  

The housing i s  a welded stainless  steel   construction  cansisting of a 
10 inch x 6  inch  diameter shell   bolted through  flanges t o  45' conical ends. 

Each end includes a 3/4 air-flav port and a 1-1/2 inch  evacuation port. 28 
VDC solenoid-operated  valves are flange-mounted t o  each port t o  provide 

periodic  evacuation of the housing inter ior  by closing  the air-flw por ts  

and opening the  evacuation ports.  The exterior of the  housing is cuvered 

with "Min-K" insulating  material and an  outer aluminum shell .  The 71-watt 
stainless s tee l   hea te r  is  located  within  the  sorbent bed. The heater element 

i s  finned and i ts  terminals are wired t o  a hennetic-seal-munted  electrical 
connector  with 14-gauge high-temperature  wires . "he sorbent bed is  5.2 

pounds of 6 x 12 meqh activated  charcoal and is  retained at each end by 

a 200-mesh stainless steel   screen assembly. A 15 l b  spring acting against 
the inlet screen  assembly maintains compression on the  sorbent material. 
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CONCLUSIONS 

The program for the developnent of a sorber  trace contaminant control 

system  has resulted i n  the  design of em integrated  trace contaminant control 

system f o r  use in a space statim. The system sized f o r  12 men, has the  

capabili ty of controll ing alJ. of the contaminants an t ic ipa ted   to  be present 

in a typical  space station. The use of regenerative  charcoal has a major 

impact on reducing  the  required  charcoal  quantity. A fixed bed system 

satisfying  the same requirements  needs  approximately 500 l b  of charcoal, 

whereas the proposed  system u t i l i ze s  approximately 59 l b  of charcoal. The 

model system t e s t  results indicated  that a combined regenerable  sorbent bed 
and lithium hydroxide  presorbent bed can be used t o  successfully  eliminate 

potent ia l   catalyst  poisons. These resu l t s   a l so  demonstrated tha t  the 
catalytic  oxidizer w i l l  successfully  control  the hydrocarbon  contaminants 

that are not amenable t o  removal by the  charcoal beds. 

The final system requires a t o t a l  of I25 watts of parer. The weight 

of the  catalytic  oxidizer i s  20.9 lb. The pre- and post-sorbent  lithium 

hydroxide canisters weigh 7.7 lb, the f ked  charcoal bed weighs 62 lb, 

and the  regenerative  charcoal bed weighs 6.6 lb. 
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APPENDIX A 
ADSORPTIVE CAPACmIES 

Adsorptive - Capacities Contaminant Adsorbed S i n g u  
Adsorptive capacit ies were  determined by (1) w e i g h t  gain of the  carbon 

w i t h  dry nitrogen  used as carrier  gas, (2) weight  gain  under vacuum ( s t a t i c  
CC14 ac t iv i ty   t es t s )  and (3) by use of the  effluent  concentration curve. In  
the last case,  the  conditions w e r e  reduced, pressure at 10 lb/ in  and 30s 
O2 - TO'$ N2 carrier  gas at relat ive humidities of 34s and 509. 

2 

Table A-1 presents a suuuuary of the  adsorptive  capacity data for single 
contaminants.  Figures A - 1  through A-5 and Tables A-2 through A-9 present 
the  effluent  concentration  curves  for  acetone on S154 and G1 and f o r  Freon 
11 on G1. 

The differences in adsorptive  capacities  for  the four carbons are  due 
to   differences  in  pore  structure.  Since  the  super-activated  carbon has the 

largest  total micropore volume, it has the largest  adsorptive  capacity at 
the high cuncentrations, i.e., low A values. BF'L has the smallest   to ta l  micro- 
pore volume and, therefore,  the  smallest  adsorptive  capacities at low A values. 
A t  higher A, i n  the range of interest   to  spacecraft   application, BFL and BD 
carbons  exhibit higher adsorptive  capacities  than  the  superactivated and G1 
carbon. This is an indication that the  mean micropore  diameters of BF'L and 
BD are smaller than  those of the  superactivated and C1. The superactivated 
carbon is the  poorest of the  carbons i n  the higher A value  region. 

The presence of moisture in the  carbon at the 37s RH equi l ibrat ion  level  
appears t o  have little or  no effect  on the adsorptive  capacity of S154 f o r  
acetone. The adsorptive  capacity w a s  0.0092 cm 3 l i q g   f o r  Run 25 at 349 RH 

gas stream and O.OOg7 cm l i q g   f o r  Run 2'7 at O$ RB gas stream. Run 25 w a s  

a regenerated  carbon  which had los t  a small  part of i ts  adsorptive  capacity; 
hence, the  effect  of moisture at this RH level is less than the capacity 
dlfYerence wcnild Indicate. 
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Based on W?ights Gain Caxbon - 

TABU A - 1  
AESORFTIW  CWACITTIES SINGLE CONTAMINANTS 

n-Octane 

Methyl cyclohexane 

Methyl cyclohexane 

Ter-Aqyl alcohol 

S 1 5 4  
BPL 
G1 
G1 

Carbon Tetrachloride S154 
Carbon Tetrachloride BPL 
Carbon Tetrachloride G 1  

? 

Acetone, R u n  27 S154 
Acetone, Run 25 S154 
Acetone, Run 29 G1 
Freon U, Run 47,  49 01 
Freon U, Run 4-6 G1 
Freon 11, Run 66 G1 with H Po 
Freon U, Run 67 G1 with H3m4 
Freon U, Run 71 G1 with H3P04 

3 4  

Conditions 

7.3 
6 *9 

13 -0 
1.80 
1.26 
0.61 
0.81 

0.87 

A - 

Table NO Fig NO. 

17.6 A3 
17.6 A2  

17.6 A4 
23 .o A6 

A5 

A7 
A9 
A8 
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Figure A - 1  Effluent  Concentration  Curves f o r  Runs 25 and 27, Acetone  on GI 
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Figure A-2 Effluent Concentration Curve for Run 29 
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Figure A-3 Effluent  Concentration  Curves  for Freon Y on  Barnebey  Cheney GI Carbon 
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Weight of carbon 
Carrier  gas 
Pressure 
Gas f lm 
Acetone  conc. 
Relative  humidity 
Adsorption  temp. 

2.7u g 

30k O2 70% N2 

10 lb/ in2 (ads.) 

2.83 L / m i n  (52 f't3/min) 
0.021 mg/g 

34$ 
ambient  (25OC) 

Effluent  concentration  data 

Concentration, $ of influent 

P.dsorptive  capacity, q 6.9 n g / g ,  0.0092 cm 3 l i q j g  
A = 17.6 
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TABLE A-3 
ADSORPTNE CAPACITY OF S154, FOR ACECONE, 

WITH DRY CARRIER GAS, m 27 

Weight of carbon 
Carrier gas 
Fre s sure 
Gas flow 
Acetone conc. 

2.72 g 

30% O2 and 70k N2 

2.83 L/min (52 f't3/min) 
lb/in*  (abs.) 

0.021 ng/B 

Time, mln 
0 

40 
90 

1x) 

140 
160 
180 
230 

24.0 

300 
360 
420 

Effluent  Concentration Data 

concentration, 4 of influent 

0 .o 
1.1 
0.6 
2.2 

0 -7 
2 .o 
8.8 
8.6 
22.2 

37 02 
56 09 
76.4 

Adsorptive  capacity, q = 7.3 w/g; 0.0397 cm 3 lidq 

A = 17.6 
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T W  A-4 
ADSORPTIVE CAPACITY OF BARNEBEX CRENEY G1, FOR 

ACETONE, 5O$ RH, RUN 29 

Weight of  carbon 2.701 g 

Carrier gas 

Pres sure 

Gas flow 

Acetone conc. 

30% o2 and 7Q$ N2 
10 lb/in2 
2.83 L/min (52 ft3/min) 
0.021 mg/g  

Time, h r  

1 
2 

3 
4 
5 
6 
0 

7 
8 

9 
10 
11 

12 

12.5 

Effluent  concentration data 

Concentration, 5 of influent 

0 01 

1.3 
2.6 
6.2 

32.5 
21.5 

23.6 
15-7 

31.7 

39-4 
56.4 
61.8 
69.8 
81.6 

Adsorptive  capacity, q = 13 .O n g / g ,  0.0173 cm liq/g 

A = 17.6 

3 
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T h e ,  h r  

0.2 
0-3 
1.0 
1.5 
2 .o 
2.5 
4 .O 
5 -0 
6 .O 
6.2 
7 
8 
9 
10 
11 
12 
13  
14 

17 
16 

Weight of carbon 
Carrier gas 
Pressure 
Gas flow 

fieon ll conc. 

Effluent conc., 
% of influent 

1-7 
1.3  
0.8 
1.0 
1.3 
1.8 
2.6 
3 -8 
5 04 
4.5 
6.2 
8.2 
8.3 
7 *7 
8.1 

13.8 
ll.l 
12.3 
11.5 
16.5 

Time, hr 
18 
34 
35 
52 
53 
62 
62 
75 
76 
86 

87 
99 
99 
100 
114 
115 
1x) 
123 
139 
139 

.30$ O2 and 70% N2 

10 lb/in2 

Effluent conc., 
$ of  influent 

44.3 
27.2 
31.4 
41.2 
43.2 
49.6 
40 *9 
47.3 
45 .O 
46.1 

79-6 
84.7 
84.6 
82.9 
84 .O 

87.3 

89.5 
87.2 
97.3 

101.5 

A - 1 1  



Time, hr. 
1 
2 

5 
5 
6 
7 

9 
10 
11 

R u n  49 
2 

19 
29 
4 0  

a 

53 
65 
77 
89 
89 

TAEU A-6 
A D S O W I V E  CAPACITY OF BARNEEEX CHENEY G1, EDR 

m O N  U., %$I RH CARRIER GAS, RUNS 47 AND 49 

Weight of carbon 
Carrier gas 

Pressure 
Gas flow 
Freon ll conc. 

Effluent conc . , 
$ of influent 

0.2 
0-3 
0 -9 
1.9 
1 .o 
2 .o 
2.3 
3 . 3  
3.4 
4.6 

0-3 
3 00 
8.5 

13 *7 
26 .o 
30.6 
40.4 
42 .O 
36.6 

0.351 g 

30% O2 and TO$ N2 
10 lb/in2 

0.11 L/min (3  f%3/min) 
0.00103 W/g 

Effluent conc., 
T h e ,  h r  $ of influent 

96 
97 

u.2 
lI.2 
113 

56 *7 
57.2 
45 e4 
56.2 
73-2 

71.4 
66 .a 
57.5 
60.4 
93-0 
99-6 

104.0 
w - 5  

A - I 2  



TABU A-7 
ADSORPTIVE  CAPACZCY OF PHOSWORIC ACID TFBATED 

CHENEY G1, FOR FREON U, 505 RR, RUN 66 

Carbon weight 
Caxrler gas 
Pressure 
Gas f lm 
Freon ll conc. 
Amount H PO 3 4  

T i m ,  hr 
I. 
2 
3 rc 
5 

6.5 a 
23 
25 
26 

Effluent conc . , 
5 of influent 

4 
10 
6 

15 
18 

20 
15 
48 
32 
40 

Time, hr 
20 
?3 
31 
56 
59 

60 
T7 
78 

Effluent conc., 
5 of influent 

58 
74 
103 
88 
98 

€6 
106 
u.5 

A-13 



TABU A-8 
ADSOR-PrIVE CAPACITY OF HZOSFEORIC ACID TREATED 
EARNEEEY (XiWEX G1, M>R FRWN U, 50$ RH, RUN 71 

Carbon weight 
Carrier gas 

Pressure 
Gas flow 

Freon ll conc. 
Amount H W 3 4  

Effluent conc . , 
T i m ,  h r  % of influent 

2 
4 
5 
G 
7 

23 
24 
25 
26 
27 

28 24 
31 18 
31.5 17 
$7 31 
4-8 X) 

49 
50 

18 
42 
41 

x) 
67 

Effluent conc . , 
Time, hr $ of influent 

55 
56 
58 
59 
60 

61 
78 
79 
82 
82.5 

79 
13-3 
1a5 
61 
119 

99 
44 
42 
66 
67 

85 72 
85 -5 87 
101 54 
lo2 54 
m6 74 

106 
107 

93 
59 

52 
53 
54 
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Time, hr 

1 
2 
3 
4 
5 
7 

22 
24 
25 
rl 
28 
30 
3 1  
32 
33 

TARLE A-9 
ADSORITIVE C&pACI!I!Y OF PROSWORIC ACID TREATED 
BARNEBFY CHENEY G1, FOR FRMlN U, 505 RH, RUN 67 

Carbon weight 0.503 g 

Carrier gas 

Pressure 

30$ O2 and TO$ IS2 

10 1b/in2 

Gas flw 0.u. L/min ( 3  n3/I l l in)  

Freon 11 conc. O.OO103 W/g 

bunt H Po 3 4  104 of cerbon weight 

Effluent conc. 
$ of influent 

3.8 
9.5 
5 -8 
5 -2 
8.5 
4 -9 
32 
40 
44 
42 
42 
43 
17 
29 
x) 

Effluent conc. 
Time, h r  $ of influent 

35 
36 
52 
53 
55 
58 
59 
76 

30 
34 
25 
36 
47 
68 
26 
46 



Adsorptive  capacity  studies  with Freon 11 on G1 carbon show that moisture 

a t  the 505 RH equi l ibrat ion  level  and H Po treatment of the carbon lowers the 

adsorptive  capacity.  Moisture in  the  gas  stream lawers the capacity by 305 
from 1.80 t o  1.26 mg/g. The carbon impregnated with 105 by weight of H Po 
further lowers the  capacity f r o m  1.26 t o  0.76 n g / g ,  or  another 40s. 

3 4  

3 4  

Adsorption of acetone was not s ignif icant ly   affected by  moisture, and, 

since  acetone is  soluble  in  water,   this  fact   suggests tha t  water soluble contami- 

nants  not be greatly  affected at the 37$ or 505 RH level.  Moisture  pick-up 

at the 37$ RR leve l  can be expected t o  be about l$ by weight and, at the SO$ 

RH level, about Z$ by weight.  For lar Vm, nonwater-soluble  contaminants, 

such as Freon ll, t h i s  small  amount of water  reduces the adsorptive  capacity. 

The H W impregnant i s  required in the carbon t o   a t t a i n  adequate retention 3 4  
of ammonia. For the  t reated carbon  adsorption runs, one millimole of H Po 
w a s  added per gram of G1 carbon  from a saturated aqueous solution. The  amount 

of solution and concentration was adjusted so that the carbon jus t  soaked up 
the  solution  without  the  granules becoming externally w e t .  The treated carbon 

was then  dried at 150°C until  successive weighings showed that the water had 
been evaporated.  This  treatment gave a carbon with 10% H W by weight. 

Adsorptive  Capacities, Contaminant Mixtures 

3 4  

3 4  

The effects  which the contaminant mixtures would have on their   adsorptive 
capacities were studied with ace-bone,  F'reon 11 and methyl  cyclohexane. The 

data on these adsorption runs are s h m  i n  Figures A-6 and A-7 and i n  Tables 

A-LO and A - l l .  

When acetone is adsorbed s i n g l y ,  the  carbon  capacity  for  acetone is  16.1 
mg/g, and, s i n g l y  f o r  Freon IJ., it is 1.26 mg/g. Two separate one gram quanti- 
t i e s  of carbon  can then  adsorb 17.4 g of acetone and F'reon ll combined. Per 

gram of carbon, the adsorbed mount of acetone and  Freon ll is 8.7 g. 

When acetone and Freon U. are adsorbed as a mixture, the  adsorptive capa- 

c i ty  of each decrease. Acetone capscity  decreases only s l igh t ly  and Freon Ll 
by 44$. The  combined weight of acetone and Freon 11 that can be adsorbed on 

A-16 
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0 Freon 11 
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Tlme,  hr. 

Figure A-6 Effluent Concentration Curves for  Freon ll and Acetone M i x t u r e  on 
Barnebey  Cheney G I ,  0.350 g of Carbon, R u n  48 
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Figure A-7 Effluent  Concentration Curves for Adsorption of Mixture of Methylcyclohexane, 
*on 11 and Acetone on BC-Gl, 0.352 g Carbon, Run 50 



Time, h r  

8 
9 

10 
11 
12 

32 
34 
34 

TABLE A-10 
ACETOlYE AND FREON U. MIXTURE 

Eff. conc., $J of influent 
Run 48 0.350 6 

Acetone b e o n  Time, hr - 
12.3 9 -2 
11.7 
25.6 

13.3 
14.4 

28.5 19.4 
38-7 28.5 

37 -6 22.2 
36 .o 33 00 

63.6 65.1 

71.9 64.6 
59.3  83 -5 
71.0 65.2 

38.7 32.9 
47.6 

36 
37 
37 
38 
54 

55 

77 

78 
97 
97 

Acetone 

68.4 
63.8 

48.5 
85 -9 

67.2 
106.1 
99 -9 
99 -1 
75 -7 

Freon 

65 -7 
77 *5 
66.6 

- 

79 -7 
97 07 
106.1 
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Time, hr 

1.0 
1.5 
2.5 
4.5 
6 
7 
8 
9.5 
11 
12.5 

27.5 
28 
30.5 
33 
35 *5 
36 
52.5 
53 
68 
69 
80 
81 
93 
93.5 

110 

111 
122 
1.22.5 
133 
133-5 
145 
156 

TABLE: A-11 
ACEIIONE, FREDN U, ME;TRyL CYCLOHEXANE M m  

Effluent conc . , k of influent 

R u ~  50, 0.352 4 

Acetone 

0.45 

2.3 
4.8 
8.6 

21.4 
14.5 

0.71 

15.8 
30.2 
31.4 
66.2 
68.2 
95 e4 

n o  .5 
100.8 
85.8 
89.6 
57 -3 

102.8 

89.2 

96 -9 

121.6 

108.7 

Freon 11 MCH - 
1 - 5  
1.4 
3 -6 
5 00 
7.1 

17 -7 
17.8 
22.5 
33 *5 
34.7 
68.9 
60.2 
94.5 

117.4 
100.4 
106.3 
78.6 

60.5 
98.4 
88.4 

79-1  

98.7 
94.7 

109 03 
80.9 

115.8 
88.6 

185  .4 

184.8 
153 -5 

0 .a 
0.69 
0.70 

0 077 

2.6 
2.7 

4.2 
5 -4 
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the same one gram of carbon is 15.7 g, o r  1.8 times more than when each was 
adsorbed s i r g l y .  This means that they can coexist t o  a considerable  degree 
on the carbon surface. This is  a steady state condition, i.e., it w i l l  not 
change with adsorptian time. Figure A-6 shaws the effluent  concentration 
curve8 f o r   t h e  two contaminants. A t  90-hr adsorption time, both  effluent 
concentrations reach 100$ of influent; hence, the  0.350 g carbon layer no 
longer takes part in  removing these two contaminants from the air stresm. 

When methyl  cyclohexane is added t o   t h e  m i x t u r e ,  the  adsorptive capa- 
c i ty   fo r  acetone and Freon ll again  decreases,  but steady state d s o r f l i v e  
capacities  could  not be determined, since the runs were not conducted  long 
enough t o  bring the methyl  cyclohexane effluent  concentration UP t o  i ts  

influent  concentration. 

A-21 



. -  I Z"nt and Experimental Procedures 

Adsorption  Apparatus 
Presented ir, F i g u r e  B-1 is a sketch of the  adsorption apparatus used 

t o  determine the  adsorpt ive  capxi t ies  and c r i t i c a l  bed depths of selected 
contaminants on coconut  based  carbons. 

Since  very lw contaminant  concentrations  were  being  studied,  special 
Precautions were exercised in construct ing  the  l ine  to  exclude  extraneous 
contaminants which could u t i l i ze  part of the carbon  capacity  and/or inter-  
fere  with  the  analyses of the contaminants  under  study. Structural  parts 
coming in  contact  with  the contaminant gas  stream were l imi ted   to  glass, 

s ta in less   s tee l  and Teflon. New flowmeters,  valves,  tubing and stopcocks 
were purchased. A l l  components were tnen  cleaned  with  water,  acetone, tri- 
chloroethane and acetone, in that  order, and then  dried in  an oven at 150°C 
o r  f lmcd  out with a hand torch where appropriate. Valves and flawmeters 
were disassembled f o r  the cleaning  operation.  Prior to  actual  adsorption 
m s ,  nitrogen was run through the   un i t   fo r  at least I 2  hr with periodic 
f laning of t he   s t ee l  tubing. 

The oxygen and nitrogen  gases  contained  extraneous  contaminants; hence, 
it was necessary t o  install the activated carbon t raps  as sham in  the upper 
le f t   sec t ion  of the sketch. A Barnebey-Cheney G1 coconut  carbon w a s  used. 
It w a s  dried  for  several  hours a t  150°C before  charging t o   t h e  flasks. 

Some uncertainty  existed  in that the   d i s t i l l ed  water, for  the  humidifier, 
may contain  organic  contaminants. To remove possible  organics,  the  water 
vas r ed i s t i l l ed  from a potassium permanganate solution. 

Tubing shown by a s ingle   l ine  w a s  1/4 inch 316 stainless   s teel ,  and a l l  

f i t t i ngs  were Swagelock type except where connections were made t o  pressure 
gauges and metal to   g l a s s .  Tubing shown  by double l i ne  were e i ther  8 mm Pyrex 
glass  or  plastic,  as i n  the connections t o   t h e  pumps. Metal t o   g l a s s  connections 
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C o n t a m i n a n t  Flowmeters 
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Figure B-1 Adsorption Apparatus 

Gas Pumps 



and g l a s s   t o   g l a s s  connections which needed t o  be frequently unconnected, 
such as the  carbon  adsorption and effluent  gas sampling tubes, w e r e  a l l  

"0" ring  type. These w e r e  held together with clamps with screw tight,eners 
Stopcocks coming in  contact w i t h  the gas-stream were Teflon  bore ty-pe. 
Glass stopcocks  requiring  lubricants were avoided. 

The bank of Plameters  at the lckser lef't were f o r  metering  prepared 
contaminant mixtures of knm concentration from pressurized  cylinders. Upper 
limit on the flovmeters w a s  55 cc/min f o r  nitrogen. The contaminant mixtures 
w e r e  purchased from Matheson Gas Products. The contaminant cylinder  attached 
t o  each f lmeter  had the follming type  contaminant and concentration. 

Table  B-1 - Contaminant Mixtures 

Flowmeter 

1 
2 
3 
4 
5 
6 
7 
8 

Contaminant 

Genetron 23 
Freon ll 
Acetone 
Methyl chloride 
Cyclopentane 
Methyl  cyclohexane 
Anunonia 
Methyl  mercaptan 

Conc. in  nitrogen, 
Vol. 4 
0.12 
0.0005 
0 0 2 9  

O.OO24 
0 0022 
0 .ox? 
0.085 
0 0 0 0 2 9  

The metered gas f l m  from auy one, or  from any cambination of, cylinders 
w a s  then diluted further t o  the required  concentrations w i t h  the humidified 

oxygen-nitrogen mixture metered  through flowmeters 9, 10, and ll. These flw- 
meters w e r e  sized so that oxygen-nitrogen m i x t u r e s  (30$ O2 - 705 N2) at 73% 
re la t ive  humidity  could be generated up t o   t o t a l  flckss of 2.3  /min a t  atmos- 
pheric pressure. 

L 

To insure complete mixing of the contaminant and diluent gas streams, 
the combined mixture was passed through an or i f ice  and then through a c o i l  
as indicated ?a the drawing. 



Excess gas  mlxture was generated and the  excess  vented  through F l m e t e r  

14. The required amount fo r   t he  tests were drawn through Flowmeter 12 f o r  
Adsorption Tube I and through Flawmeter 13 for Adsorption Tube 11. 

Valves 1 and 2  were used to   con t ro l   t he  f lm through  Adsorption Tube 

I end Valves 3 and 4 f o r  Adsorption Tube 11. A t  Valves 1 and 2, the  pressure 

decreases from atnospheric down t o  9.5 in. of mercury negative  pressure. When 

atraospheric pressure is 14.7 lb / in  , the  reduced  pressure is the 10 lb/ in  

absolute as specified  for  these experiments. "he reduction  in  pressure  increases 

flow ra te  by the   fac tor  14.7/10 and reduces all concentrations by 10/14.7. 
Relztive humidity  decreases frm 73:: t o   t h e  %$ specified  for  the experiments. 

2  2 

Figure B-2 gives   the  detai ls  of the  type  adsorption  tube used. 

The chromatographic method was used t o  determine  influent and effluent 
concentrations of the  carbon  beds. Gas samples were collected  in 200 t o  300 
cc volume sampling tubes, attached t o  the .uni t  as shown in   t he  drawing. S t o p  

cocks 3 md  4 of the sampling tube had Teflon  bores,  the upper concentration 
was "0" ring  type and the lawer a tapered ground glass  type. 

The sampling procedure  consisted of (1) evacuate sampling tube,  (2) 

expand effluent gas in to   tube   un t i l  10 lb/in2  absolute  pressure is attained 
( t h i s  w a s  done without  changing pressure or  flow rate through  carbon  bed), 

( 3 )  di rec t   to ta l   e f f luent  flow through  tube at required  rate and la lb/in 2 

pressure  for  f ive minutes, and (4) close  off Stopcock 4 and alluw pressure 
t o  build u s   t o  atmospheric. As the pressure approaches  atmospheric, the flcw 

through  carbon bed slows d m  and concentration  increases. This introduced 

a small error  in the  concentration  determinations because of adsorption rate 
change over the carbon bed. The al ternat ive procedure would have been t o  

f i l l  the sampling tubes t o  10 lb / in  absolute and run  the  risk of air leaking 

into  the sampling tubes  through  the  Teflon  bore  stopcocks. 

2 

Analytical Procedures 

The analysis of the influent end effluent  concentration vas performed 

by gas chromatography. Two instruments were  used f o r  the various analysis. 



"0" Rlng Connector 
Cant1 Type H "0" 

rlng used 

1 . 9  cm ID - Pyrex  Glass 

6 t o  14 Mesh 
fl  Coconut Carbon 

Actual S i z e  

Figure B-2 Adsorption Tube 
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A Hewlett Packard Research Gas Chromatograph Model 5750 with dual flame ioni- 
zation  detectors w a s  used f o r   t h e  andysis of the hydrocarbon compounds, and an 
F & M Model 610 with an electron  capture  detector w a s  used f o r   t h e  Freon corn- 

pounds. Three columns were used f o r  the various qalysis - 6 ft x 4 mn I.D. 
glass 100-1x) Mesh Porapak QS; 6 f't x 1/8 in O.D. stainless s t e e l  80-100 mesh 

Pora-pk and 6 f t  x 1/8 i n   s t a i n l e s s   s t e e l  104 UCC-Wg82 on 80-l00 mesh Diatoport 
S. The required  detection limits were a t ta ined   for  the hydrocarbons by a con- 

centration  technique whereby a l l  the contaminant  contained in the ZQO-300 nl 

sample tubes was concentrated on a short pre-column and injected  into  the 
ma ly t i ca l  column.  Sample s ize  was determined by the calibrated volume for 
each sample tube with the  appropriate  temperature and pressure  corrections. 

The contaminant concentration system is Shawn i n  Figure B-3. A 10 x 
1/8 inch 0.D. s ta inless   s teel   tube packed with 45/60 mesh CMCS treated Chromo- 

sorb P was used instead of the  usual siuall sample volume tube on the  chrom- 
tograph  valve. A Carle Instruments,  Inc. micro volume valve No. 2314 was 
used i n  t h i s  system. "his type  valve is  s ta inless   s teel   wi th  glass and 
ceramic f i l l e d  Teflon sliders. The valve and a l l  connecting  transfer  lines 

were maintained at above ambient temperature. The sample i n l e t  w a s  f i t ted 

with an "O"-rhg  connector t o  accept  the  gas sampling tubes. The "normal" 

sample out le t   l ine  was attached t o  a vacuum manifold. The analysis was 
initiated by attaching the glass sample tube t o  the "0" ring connector on 

the  switching  valve. "he valve  trap and inlet lines were evacuated and a 
liquid  nitrogen  bath was placed around the  sorption  trap.  By evacuating the 

snmple through the trap, €he contaminants were concentrated i n  the   t rap  and 
the  non-condensibles were exhausted through the pump. 

The valve was then  switched t o  allow the helium ca r r i e r  gas t o  sweep 
through the   t rap   in to   the  chromatograph. The liquid  nitrogen bath was 
replaced  with a hot water bath and the contaminant was injected  into  the 

chromatogra?h by the  rapid  heat-up and carrier  gas purge of the trap. 

The sample concentration method was not  requzred f o r  the analysis of 

Freon since  the  electron  capture  detector had the required  sensit ivity.  The 

samples were removed from the sample tubes and injected  into the chromatograph 
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with a gas-tight syringe. The system  used f o r   t h i s  method consisted of a 

stainless s t ee l   " t ee"   f i t t ed  with a silicon  rubber septum and an "0" r ing 

connector  before  introducing a sample, the  "tee" was evacuated. The sample 

was then admitted t o  the "tee", and a sample was taken  with  the syringe 
through the septum. The sample (usually 1/2 cc) was then  injected  into 

the chromatograph. 

The analytical  systems were calibrated by determining  the  specific mass 
response f ac to r   fo r  each  contaminant of interest .  The compound of in te res t  

i n  a suitable  solvent w a s  injected  into  the chromatograph, and the response 
was related t o   t h e  amount injected.  Typical  precision  for  five  response 

Tactor  determinations  during a working day was a relative  standard  deviation 
of 4". 

The sm2ling and cal ibrat ion methods were  cross-checked with gas standards 

mixed in  75 l i t e r  wlar bags using pre-purified  nitrogen as the  diluent. The 
standard mixes were then sampled and analyzed by the  routine method. 

Sensi t ivi t ies   a t ta ined  in  a l l  cases w e r e  adequate f o r   t h e  experlmental 

specification of at least I$ o f  the influent  concentratim. 
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APPENDIX c 
Derivation of Methane  Removal  Efficiency  Correction  Factor 

The fo l lowing   sec t ion   presents  a de r iva t ion  of t h e  methane  removal 

e f f i c i e n c y   c o r r e c t i o n   f a c t o r   t h a t  was app l i ed   du r ing   t he   pe r iod   t ha t  

t h e  500 cc   evacuated   f lask  was used  for   sampling a t  t h e   c a t a l y t i c  

o x i d i z e r   e f f l u e n t .  

MAIN 
SORBENT 

1 L I - 

Figure C - 1  

Locat ion  of   Catalyt ic   Oxidizer  

E f f luen t  Sampling  Point 

c-1 

'... >"' 



Figure C-1 presents  the  location of the  catalyt ic   oxidizer  

sampling point. C1 represents  the  concentration of methane entering 

the  catalytic  oxidizer which is  also  equal   to   the methane concentration 

leaving  the main sorbent bed since no methane removal occurs i n   t h e  

main sorbent  bed. Cg represents  the  concentration of methane leaving 

the  catalyt ic   oxidizer .  Cm represents  the  concentration of contaminant 

occurring  in  the 500 cc  f lask.  

Performing a mass balance where M1 equals  the  quantity of sample 

drawn i n  from the  main sorbent  exit and M2 represents  the  quantity of 

sample  drawn i n  from the  catalyt ic   oxidizer   exi t  we have: 

If we l e t  C f  designate  acetylene  concentrations we have: 

Eqn. C-2 (C 'M) (M1 + M2) = C$Mg + CiM1 

However for acetylene C h  = 0 

therefore: 

Eqn. C-3 

and : 

CM' 
c2 

MI = 7 (M1 + M2) 

Eqn. C-4 M2 = (M1 + M2)(1 - "t- ) CM 
C1 

Substituting  equation C-3 and C-4 into  equation C-1 and solving 

f o r  Cg w e  have: 

Eqn. C-5  cg = CM - C1(" ) C 'M 

CI - 
t 

1 - CM 

The actual methane removal efficiency is :  

c-2 



Substituting  equation C-5 f o r  C2 we have: 

c 1  - CM 

C1 
Eqn. C - 7  qr = 

c; - CM' 

C i  

c1 - CM 
C1 

However i s  the  measured methane removal efficiency and 

c; - c" 
i s  the  measured acetylene removal efficiency.  Therefore 

the  actual methane removal efficiency is:  

Measured  Methane 711 Ean. c-8 qr = 
Measured Acetylene 7~ r 
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APPENDIX D 

CHARCOAL BED ADSORPTION PROGRAM 

Charcoal Bed Performance Analysis 

The saturation  capacity of activated  charcoal  for any s i n g l y  adsorbed material 
can  be  estimated from potential  adsorption  theory. When tests have been con- 
ducted  with  multiple contaminants at spacecraft  concentration  levels, a dis-  

placement e f fec t  has been  obsenred i n  which materials having a l w  A value w i l l  
displace  those having a higher A value from adsorption sites. If the  difference 
in  A values exceeds some c r i t i c a l  value, t o t a l  displacement is observed. Based 

upon these  observations, t h i s  computer program w a s  generated t o  estimate  the 
required  quantity of activated  charcoal  for  control of multiple contaminants. 

The program scans a l l  contaminants by A value and then  orders them from the 

locrest to  highest  value. It then  calculates the quantity of sorbent  required 
t o  remove the  most strongly adsorbed  substance. Us- experimental  potential 
plot  data, the  capacity of this  sorbent  section  for  additional  substances is  

then estimated on the assumption that their   capacity is less than  saturation 
and is assumed linear with A value  difference up t o   t h e   c r i t i c a l  A value. 
The program then proceeds t o   t h e  next  contaminant which is  not  yet  completely 
removed and repeats the  calculation. This process is continued u n t i l  all of 
the l i s t e d  contaminants have been completely  adsorbed. 

I n  these  calculations three potential   plots would be used: (1) f o r  water in- 
soluble  contaminants on phosphoric  acid, impregnated charcoal, (2) fo r  water 

insoluble  contaminants on charcoal  without  phosphoric acid, and ( 3 )  for  water 
soluble  contaminants on charcoal,  either with o r  without  phosphoric  acid. 

In order t o  assess the  sensi t ivi ty  of t he   c r i t i ca l  s i z i n g  parameters, A 

c r i t i ca l ,  flaw rate, time, and contaminant  loadings would be inputs t o  the 

program. The program would be used t o  generate the various  designs  for an 
optimization study. 
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Esuipment Configuration 

The  main storage m o d u l e  of each 1108 computer contains 65,536 words of 36 
bits. The EXEC I1 controller  requires 12,288 words, leaving 53,248 words 
of core  avai lable   to   the programmer. The O X N I P  program uses only 1,594 
words. The har&are structure  includes two FASTRAND I1 mass storage units. 

Each FASTRAND unlt has a storage  capacity of 22,020,09610 words and a t ransfer  

ra te  of 25,590 words per second. 

The 1108 M E C  I1 system and the IMSC accounting  routine  accept  certain  specific 

cards on any job  being  submitted f o r  processing. A l l  control  cards  being with 

a (master  space) which i s  a 7-8 punch in Column 1. Figure D-1 shms the deck 

setup. A l l  necessary blanks are indicated by b o  

The RUN card serves as an IMSC accounting  record and a job ini t ia t ion  card.  

It includes a run ident i f icat ion number and estimated run time and page count. 
The sample run used 23 seconds and 50 pages. The LID control  card is used t o  

provide  additional  accounting  infomation for the 1108 system. Each run m u s t  
contain a L I D  control card and a RUN card  or  the run w i l l  be aborted. 

The FRN control   card  cal ls   in   the FOHTRAN V compiler and the FOIU'RAN deck 

is then compiled. To execute  the FoKIlRAN V compiled program, the  XW control 
card is used with the F option. The EOF control  card  signals the end of the  
deck. Figure D-2 presents  the  table  input data. 
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f VbEoF I 

DATA CARD 1 

I I’ 

Flgure D-l. S y s t e m  C a r d  Sequence - 1108 
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DATA CARD I N P U T  

FORTRAN 
SYMBOL DESCRIPTION  UNITS 

AVC A value  cut-off 

DA A A Cr i t i ca l  

ETA Removal eff ic iency = ~ 

'in - 'out 

MOL, OK 
ml . 

MOL, OK 
ml . 

None 
b i n  

F Temperature 0 F 

QQ Flow Rate 

R Multiplier  for  production  rate 

TAU Time 

Ft. 3 /min. 

None 

h Y S  

FLAG SYMBOLS 

FORl'RAN 
SYMBOL DESCRIPTION  UNITS 

KFLAG 0 for intermidiate  output  for each s l i c e .  
1 suppresses  intermediate  output. 

TABLE INPUT (See Figure 2-2) 

FORTRAN 
SYMBOL DESCRIPTION UNITS 

TA(1, Potential  parameter MOL, K 
ml 

0 

TA(2, ) Potential  Parameter 
MOL, OK 

ml . 

TQ(2, ) Saturation  Capacity  (Insoluble Contaminants ) 4gm.  
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DATA ELEMENT FOR nth CONTAMINANT 

"~ - ~~ ~. DESCRIJTION  UNITS 

Name - 
Maximum allowable  concentration mg . /M3 

Input  production  rate 

Molecular Weight 

Saturation  pressure 

Input  Density 

Input Molar Volume 

Solubi l i ty  Code: 1 = soluble 
i n  water 2 = insoluble 

Atmospheres 

@/CC - 
MOL/M~ 

CALCULATED OUTRJT SYMBOLS 

A Potential  parameter MOL, K 0 

ml . 
C(I)  Inlet   concentration W/M3 

Q Flow Rate Ft.  /Min. 3 

SLICE Unit of Charcoal  required t o  remove a given - 
contaminant. 

MASS Mass of charcoal  in  sl ice 

SWM Cumulative masses of s l i ce s  

L E  CTMT Lowest A value  contaminaht full 
SLICE. 

W(I) Mass of adsorbed  contaminant 

-y rem 

m(1) Mass of remaining  contaminant y e t   t o  be gm- 
removed. 
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POTENTIAL PARAMETER - A = T cs 
! v i  

Figure D-2 Potential  Plot f o r  Barnebey Cheney BD Carbon 
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ELI KOL.l.111020. 376la 

000001 

000003 
00000E 

000005 
000005 
000008 
0 0 0 0 0 1  
ooooom 
000009 
00001# 
000011 
OOOOlE 
O O O O l l  
OOOOl5 
OOOOl5 
000018 
000017 
000018 
000018 
000020 
000021 
00002E 
000023 
0 0 0 0 1 *  
000015  

000011  
000026 

00002m 
OOOO29 

000031 
000030 

000032 
0 0 0 0 3 1  
00003U 
000035  
O:ilO36 
0 0 0 0 1 1  
030039  
003039  
OOOJUO 
OOOOUI 
O O O O * E  
05JOU3 
ooa395 
00009~ 
001096 
OOOOU7 
03OoUm 
0000U0 
a90150 
03P05 I  
OCiJ51 
OOJO53 
r o o o 5 ~  

O O D l  
OOOI 
0 0 0 3  
o o o *  
0005 
0006 
0 0 0 1  
0008 
0008 
n o l o  
001 I 
O O I E  
0013 
0015 
0015 
0018 
0 0 1 1  
0018  
0018  
0020 
0021 
0022  
0023  
0025 
0025 
0026 
0021 
0028  
0029 
n030 
0031 

0 0 3 3  
0 0 3 1  

0035 
0035 
0036 
0 0 3 1  

0039 
0 0 3 0  

OOUO 

OOUI  

00u2 
0 0 U 3  
00-9 
00u5 
00u6 
O O U l  
on*# 
0049  
O O ¶ O  
0051  
0052 
0051 
0059 



000055 
000056 
000057 
000051 
oooos9 
003060 
000061 
000062 
000063 
oooasv 
000065 
003066 
OOOC67 

090069 
000068 

000071 
OOGO7O 

000072 
000075 

000075 
00307'4 

001076 
000071 

000079 
000078 

00008l 
000080 

000082 
030083 

000085 
ODOO0'4 

000086 
000097 
oococ1 
oaocon 

o o a o w  
03C098 

0303112 
E10093 
09009'4 
003095 
O Z O X E  
COCO97 
003091 
oooc9s 
010101 
OOOlOl 
0;>102 
005193 
003 I 0'4 
C30105 
BOJ106 
OC3107 
ooutoa 
Ci4li9 
Cl7IIO 
01)OI I I 
a001 I.? 

0055 
0056 
0057 
0051 
0059 
0060 
0061 
0062 
0063  
006'1 
0065 
0066 
0067 
0069 
0069 
0070 
0071 
0071 
0073 

0015 
007'4 

0077 
0076 

0079 
001a  

0081 
0080 

0003 
0092 

0085 
008'4 

0087 
0086 

0080 
0039 

0091 
d090 

0093 
0092 

009'4 
0095 
0096 
0097 
0j98 

0099 
0100 
0 1 0 1  
0102  
0103 
010'4 
0105 
0106 
0107 

0109 
0108 

0110 
0 1 1 1  
01 I2 
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OOOIl3 
O O O l I 1  
0001I5  
C O O l I 1  
O O O l I ~  
000111 
O O O l I 1  
000120 
O O O I E l  

000113 
OOOlPL 

000115 
OOOIZ1 

00012L 
0 0 0 1 1 1  
O O O l C 1  
00012L 

000131 
000138 

00011c 
OOOl13 
000 I 3 1  
000115 
OOOl31 
000111 
000131 
003139 
0001*n 
000111 
000111 
O O O l 1 1  
0001111 
0001115 
0001ra 
0001*1  
0001*1  
OOOI51 

OOOI5l 
OOOl50 

O O ~ l S C  
OOUIS1 

000155 
OJOIS1 

00015I 
000157 

000159 
065160 
000181 
O O O l G L  
OJJl63 
GJOl61 
or .o l65  

OG0167 
COClt6 

130161 

ooolsa  



d EL1 ELIST.I.7IIOEO. 37610 

00000l  
030002 
000003 
O O O O o r  
000005 
000000 
000007 
000000  
ocooos 
0 0 0 0 l 0  
OOOOl I 
oooolc 
000013 
00001* 
000015 
000010 
000017  
0000I0 
0 0 0 0 l 0  
00002# 

SUBilOUTlHE ELISTIO.LII .NAIIEl 
DIREHSIOH Cl2OOI.K1I2OOI 
DlnEHSlOH NAHE1200.IOI.NNIEOO.IDI 
REAL HAHE.NN 
L.L.1 
CILI .0  

WNIL.J1-HAHEII.JI 
DO I2 J-1.6 

I.? COWTIHUE 
RETURN 

YRITEI6.lOOl 
EHTRV ELIILI 

If I L  .EO. 01 RETURN 
DO IO I-1.L 
YRIlEI6.1021 IHIlII.LII.LI-I.6l.Clll 

IO CONTIHUE 
I 0 0  fOl~ATlIHI,55X.'ERROR LlST'.IIlBX.'HA~E'.LEX.'CIII'.IIl 
IO2 fORHlT12X.6A6.EI6.OI 

R C T U R I  
F uo 
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OOOl 

d003 
oooi! 

0005 
0005 
0006 
0007 
0000 
0000 
0010 
0 0 1 1  
0012 
0015 
0015 
0015 
0010 
0017 
OOIO 
0010 
oozo 



# EL1 LISl.l.711CCI. 3711# 

000001 
000002 
00000l 
ooooo* 
0 0 0 0 0 l  
oooooe 
0 0 0 0 0 1  
000008 
ooooom 

0000l  I 
0000l0  

0000Ic  
OOOOll 
00001* 

D o l l  

0001 
0002  

ooo* 
0005 

0 0 0 1  
oooe 

ooom 
Doom 
O O l B  
D o l l  
OOIC 
OOll 
001* 



E L I  LU.I.7I1020. 376CO 

000001 
ooooo* 
000003 
0 0 0 0 0 ~  
000005 
000008 
0 0 0 0 0 1  
000008 
000009 

O O i J O l I  
oooo1z 
000013 

0 0 0 0 1 ~  
000014 

oc001a 
0 0 0 0 1 1  

00001s 
000018 

OOO02l 
00002a 

000023 
0 0 0 0 2 I  

o o o o  I a 

SUDROUTINE  LUIP.I .KODE1 
DIHEHSIOR TAl2,SO~,TOl2,SOl 
If I L  .NE. 0 1  00 10 ZO# 

I L.LtI 
L.0 

RCIDIS.ISO.ENO.2OOI TIll.L~.lOll,L~.lIl~.L~.TOlI.Ll 

200 00 10 J.1.L 
00 10 z 

IS0 FORHAll*EIO.OI 

1.J 
I F  ITIIKOOE.II .GE.  A I  GO IO I I  

I O  conrluur 
URITEt6,lOOl A 
RETURM 

1 2  I C  t t  .Ea .  I I  GO TO I* 
C I N l C R P O L l l E  FOR 0 - L I N E I R  F l I #  

0~T01KC0E.I-Il~lA-TIlK00E.I-lll~ITOlMOOC.ll-lOlKOOE.l-l~1 
D /ITIIKOOE.Il-lIIKOOC,l-ll~ 

I *  a-m1uooc. t I  
Rf  IURN 

RETURM 

C Y 0  
1 0 0  FORHITI1HO.'VALUE A'.E16.8.'IS OUT OF RIYGE'I 

oa01 
oooz 
0003  
ODD* 
0005 
0008 
0 0 0 1  
0008 
000s 
0018 
0011 
OOlZ 
0 0 1 3  
0011 
0015 
0018 
0 0 1 1  

0019 
OOII 

OD.?# 
0021 
0022 
0023 



00000l  
0 0 0 0 0 1  
00000l 
00000'1 
000005 
oooooa 
000007 
oooooa 
000009 
000010 
0 0 0 0 l l  
O O O O l 1  
O O O O l l  
00001* 
000015 

0000I1 
00001a 
oooola 
0 0 0 0 2 ~  
00002l 
0 0 0 0 1 1  
000021 
00001* 
000025 

oooola 

oooopa 
000021  
000028 
000029 
000030  
00003l 

000033 
000031 

000035 
0000311 

O O O l  
OOOE 
0d01 
800'1 
0005 
oooa 
0 0 0 1  

0009 
0008 

D o l l  
0011 
0 0 1 1  
D o l l  
OOI* 
0015 
onla 
Doll 

0015 
@02# 
0021 
0021  
0021 
002'1 
0025 

nola 

ooze 
0027 
0028 
0029 
0030  
0031 
0 0 3 1  
0033 
003'1 
0033 



# C L I  OAI1/1Y.1.700817. 87988 

ACflOYC 
1.022 72e. 

0.251 38. 
ACElALDfYVOE 

ACElIC  ACID 
0 .025 2.5 

LCElVLEWE 

ACEIOWIIRILE 
0 .250 6900. 

ACROLC IN 
0 .  005 7. 

ALLVL ALCOHOL 
0.025 0.25 

I S O - A H ~ L  ACCIAIC 
0.025 53. 

0 .025 0.50 

AMVL ALCOHOL 
0 .025 38. 

EEYZEYL 
0.258 3.2 

Y-OUIAME 

1SO-BUlAYf 

I IJlEME-I 

0.250 100. 

0.025 100. 

CIS-EUlEYE-2 
0.250 180. 

1RA115-8UlENE-2 
0.025 180. 

1.3 DUlAOIEMC 
0.050 180. 

150-EUlVLEWE 
0.250 reo. 

u-eurn  ALCOHOL 
0.025 180. 

180-CUlVL ALCOHOL 
0.262 so. 

0 .025 3 0 .  
SEC-CUTVL ALCOHOL 

BUlVRIC  ACID 
0.025 3 0 .  

CARECW OISULPHIDE 
0.025 I * .  

0.025 a. 

.7s 

.78 

.9* 

. a2 

.72 

.a0 

.78 

.78 

I .90 

.81 

.60 

.eo 

. 62 

.63 

.63 

.6¶ 

.62 

.12 

.1l 

.81 

.82 

I .2s  
CIRZOH  1ElRICHLORIOL 

CARGOllVL 3ULPHIOE 
0 .Z5  6 .5  1.50 

cHLoalut  
0 .025 2.5 1 .19  

CHLClOACClOYE 
0.025 0 . 1  1.50 

CHLGRC’JEUZEHE 
0.021 110. 1.15 

0.025 35. .le 

77. 

57. 

63. 

92. 

51. 

66. 

79. 

162. 

IZ*. 

98. 

96. 

IO*. 

90. 

0s. 

en. 

81. 

89. 

102. 

102. 

105. 

108. 

62. 

101. 

91 .  

‘1s . 
17. 

115. 

58.08 

W.05 

60.05 

26.09 

91.05 

56.08 

50.08 

110.18 

0 8 .  I5 

78. I I 

51. I I 

5S.II 

1a.18 

56.11 

56.11 

59.09 

56. IO 

79, I2 

79.12 

79. I2 

8B.IO 

76.11 

1 5 3 . W  

60.07  

lo. 99 

02.51 

112.96 

.7Ib E81 

.2II E71 

. 5 I?  E51 

.523 C82 

.I98 E61 

.321 Eoet  

,133 EO51 

. ) I *  E O ~ I  

.210 E051 

,390 LO62 

.579  EO72 

.OOS E062 

.67l  E072 

,511  €012 

. I29 E012 

.595 E072 

,599 EO82 

.298 E051 

.976 EO51 

.577 EO01 

.999 EO81 

.902 E 0 6 Z  

,865 E062 

,677 E071 

.220 E o e l  

,671 E011 

,117 EO52 

081 
8 

002 
002 

003 

oo* 
0 0 3  

oo* 
005 
005 
008 

007 
008 

007 

008 
008 

009 
009 
018 

011 
018 

011 
012 
012 
013 
013 

01’) 
O I W  

015 
015 

016 
018 

017 
017 
018 
018 
019 
019 
020 

021 
020 

021 
022 
022 

025 
023 

029 
029 

025 
025 

02a 
026 
027 
027 
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000015 

000051 
000050 

000050 
000050 
0000c0 
O O O C ~ l  

000061 
0 0 0 0 l E  

000061 
000063 
000060 
000001 
000060 
00006s 
000010 
000111 
00007L 
000013 
0000’11 
000075 
000010 
000011 

000010 
000018  

ooooeo 
o o o o m  
oooon2 
000003 

0000U5 
00008* 

0000e0 
00000’) 
oooono 
000099 
000090 
00009l 
000092 
000093 
0001791 
000095 
cooooo 
0 0 0 0 9 1  
0 0 0 0 0 ~  
000099 
0 0 0 l 0 0  
ODOlOl 
OOOl02 
030101 
O ~ O I O Y  
G90lO5 
@:0106 
c:9107 
OGJIOO 
ocolos 
JJJlIO 
000lll 
000112 

CHLOROFLUOROMC~WAMC 

CHLOROfOlll 

CHLOPOCROCAMC 

0.021 21. 1.11 

0.250 21. 1.50 

0.025 E * .  .lo 

0.010 19.5 .151 

0.020 25. .110 

0.25 IO.. . l a  

0 . 0 9 5  2B. .85 

0.025 100. .15 

CYPRYLIC ACID 

CUMEMC 

CYCLOntlAllC 

CICLOHEXAYOL 

cYcLoPEMrAMc 

CYCLOPAOCAMC 

CYAHAUIOC 
0.025 100. . 1s 
0.025 rs. .O1 

0.025 5. .161 
OECAL I N  

I . lDl l%THYL CYCLOHEXAMC 
0.025 110 .  .60 

TRAWS 1 .2  DtncruYL CICLOHEXAMC 
0.025 120. .68 

0.015 93. . 62 
2.2 DIMETHYL OUlAYC 

o l n E w L  suLPnIoc 
0.025 15. .or 

1 . 1  DICHLOROETHAMC 
0.250 90. 1.12 

DI I s o B u m  mEIonc 
0.015 29. .lo1 

0.1so so. . 91 
0.025 1.0 .or 

I .* OIOXAYE 

OIKETHYL FURAYE 

DI1:iTHYL HYORAZIME 
0.025 0 . 1  .69 

ETHAMC 
0.2so 190. .51 

ETHYL ALCOHOL 
0 . m  1 3 0 .  .1r 

ETHYL A C E T A T C  
0 . 2 s o  110. . e 1  

0 . 0 2 s  180. .66 

0.015 19. .16 

E l H l L  ACETILENC 

EIHYL CEHZEME 

E T w L c n E  olcHLonloc 

CTHYL E t m n  
0.015 UO. 1.10 

0.2so 120. .66 

o.is0 200 .  .11 
ETHYL ISORUTYL ETMER 

ETHYL FOiiHATE 
0.250 SO.  .e7 

5L. 

01. 

sa. 

1.1. 

162. 

117. 

118. 

100. 

60. 

*o. 

185. 

162. 

162. 

139. 

11. 

D O .  

206. 

95. 

I I O .  

81. 

I 2  . 
62 * 

106. 

01. 

190. 

8 9 .  

Ids. 

172. 

0 5 .  

80.5. 

119.1. 

10.5* 

151.21 

120. I O  

01, I O  

100.20 

70.13 

42.00 

W . C *  

110.25 

II2.20 

112.2. 

86.11 

62.13 

98.97 

lU2.21 

ee.Im 

96. IC 

sa. 09 

SO.  0 1  

W6.01 

08.IO 

s1.09 

106. IO 

91.00 

71.12 

102.11 

7* .00 

.553 coon 

-120 cn1a 

.I50 coan 

.X07 EO21 

.roo c.11 

.a15 COIL 

.m c o w  

.ll* C07Z 

.565 ElOC 

.IO2 cool 

.228 C03L 

.791 COOL 

.S61  C O W  

.I10 EO12 

.eo0 cool  

. I19 EO71 

.e90 E O 1 2  

.I15 EO61 

.3s* Eon2 

. I 36  EO61 

.S20 EJ82 

.I55 EOSI 

. 5 S S  EO61 

,612 EO12 

.rum E051 

.*3* EO12 

.3l5 C O D 1  

.*SI COO1 

.’I90 E061 



ETHYLENC 
0.2so 100. 

ETHYLENE  GLYCOL 
.5l 5 8 .  

1.025 115. 1.60 65. 
TRANS I HElHlL 3 ETHYL ClCLOHEIANl 

E I H l L  SULP.HIDL 
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